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ABSTRACT
Estimation of Evapotranspiration at Different Scales 
Using Traditional and Remote Sensing Techniques
by
Lynn F. Fenstermaker
Dr. Stanley D. Smith, Examination Committee Chair 
Professor of Biology 
University of Nevada, Las Vegas
Dr. Dale A. Devitt, Examination Committee Co-Chair 
Professor, Soil and Water Specialist
University ofNevada, Reno
Water and its use or loss is critically important in the Southwestern United States 
where population growth is rapidly approaching the limit of available drinking water. It 
is therefore important to gain an understanding of water use by native and non-native 
species to ensure that sufficient water remains to maintain native ecosystems. This study 
examines water loss by the non-native tree species (saltcedar) at
the leaf branch and whole stand level using traditional methodologies as well as remote 
sensing. Transpiration measurements were estimated for open and closed stands of 
Tbmn/ix iyna (saltcedar) at two sites within a desert riparian corridor on the
lower Virgin River floodplain, southern Nevada. One site (open and closed stands) was 
within 10 meters of the river channel (River site), and the other site (open and closed
111
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stands) was more than 50 meters hom the river channel near a Bowen ratio tower 
(Bowen site). At the leaf level, mid-moming stomatal conductances in trees 6om the 
River site were nearly three times higher than the Bowen site for all dates during the 
summer growing season. At the branch level, the results 6om s ^  flow measurements 
were not as clear-cut. While mean daily, accumulated sap flows were higher for the 
River site in comparison to the Bowen site, these differences were only signihcant for 
one date for each stand density. A comparison of the April 1994 and April 1996 
remotely sensed data demonstrate the marked negative impact of a flood-induced channel 
diversion on downstream transpiration. Additionally, it was quite evident from the ET 
maps that even within apparently homogeneous closed stands there is a high degree of 
variability in transpiration.
IV
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CHAPTER 1
INTRODUCTION 
Purpose of the Study
This study examines the seasonal water use of the invasive plant Tamarix 
ramayiÿj:ima (saltcedar) at multiple scales within open and closed canopies along the 
lower Virgin River floodplain in southern Nevada. Tamarix is an exotic/invasive, woody 
plant species that has rapidly spread throughout the southwestern US during the 1900s. 
Robinson (1965) estimated that Tamarix had invaded over 370,000 hectares in the 
western United States by 1961 and predicted increases in Tamarix of 30,000 hectares 
every ten years.
Numerous studies have reported that Tamarix use more water than native plant 
species. Davenport et al. (1982) reported Tamarix évapotranspiration (ET) rates of 2 to 
16 mm/day in sparse and dense stands, respectively, and Gay and Fritschen (1979) 
indicated that annual Tamarix water use varied from 1.3 m at cool high desert sites to 2 m 
in warm, low elevation sites.
Previous studies on the Virgin River floodplain by Sala et al. (1996) reported 
Tamarix ET ranging frx>m 5.9 to 16.3 mm/day for the period of July to October 1993.
This study also showed that on a leaf area basis Tamarix transpires the same amount of 
water as native species. However, because Tamarix has a higher leaf to sapwood area.
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and forms dense stands, this species transpires significantly more water per unit land area 
than native species. The maintenance of Tamarix leaf area therefore plays an important 
role in seasonal ET rates (Smith et al 1996). Devitt et al (1997) stated that a spatial 
assessment of stand density (along with an assessment of water availability) within the 
Virgin River floodplain is needed to provide a better understanding of canopy-level 
Tamarix ET.
The study discussed herein was designed to provide the spatial assessment 
recommended by Devitt et al (1997) as well as an assessment of Tamarix leaf area over 
time according to Smith et al (1996). The primary goal of this effort was to gain a better 
understanding of the spatial and temporal nature of Tamarix water use within a desert 
riparian corridor, building upon the work of Devitt et al (1997), Sala et al (1996) and 
Smith et al (1996). Two microsites within the Virgin River floodplain were identified 
for this study: (1) a location adjacent to the primary river channel; and (2) a location at 
some distance from the primary river channel (Figure 1.1). These sites were located 
nearby the Sala et al. (1996) and Devitt et al. (1997) study sites and a Bowen Ratio tower 
used for stand-level estimates of latent heat flux (Devitt et al. 1998).
A secondary purpose of this study was to assess the usefiilness of remotely sensed 
data to estimate ET. Numerous studies have been performed using remotely sensed data 
to estimate ET for agricultural fields and mesic forests, however limited studies have 
been performed in arid riparian regions. Of particular interest to this study site was the 
use of remotely sensed data to assess the impact of a major river channel change that 
occurred the summer before the initiation of this study. The new channel was carved 
^proximately one half kilometer west of the previous channel and was approximately 3-
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5 m deeper than the previous channel. This change had a pronounced effect on the dense 
Tamarix stand within the designated research area over the course of this study.
Duck Club Study Site - July 2S, 1994 
Colof Inlramd Composite Imago
I
N
1:4  a *  a ISO 03»
hUTETKm
Figure l.l. A color infrared Daedalus 1260 multispectral scanner image of the study 
area. Location of the river channel before and after a 1995 flood as well as sap flow 
measurement locations are indicated.
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Hypotheses
The hypotheses of this study are:
(1) Ev^otranspiration rates of Tamarix located close to the river channel will be higher 
than that of Tamarix located some distance from the river.
(2) Open Tbmarix stands will transpire more water (on a leaf area basis) than closed 
stands due to a reduced canopy boundary layer and increased incident solar radiation in 
the canopy.
(3) Ev^otranspiration in response to evaporative demand (vapor pressure deficit) will be 
highly dependent upon stand density and water availability.
(4) Remotely sensed data can be used to estimate ET because it provides a detailed 
spatial assessment of stand density and leaf area.
Significance of the Study 
The estimation of ET in remote areas and at stand or ecosystem scales is 
dependent upon the development of appropriate remote sensing techniques. This study 
provides direct benefits not only to the sciences of remote sensing and physiological 
ecology, it also benefits the Southern Nevada Water Authority and all southwestern states 
by examining a suite of techniques to estimate ET in southwestern riparian habitats. The 
results of this study provide in sists on Tbmarix stand-level water use and methodologies 
to assess and monitor water use over time.
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Definition of Terms 
The following is a list of terms used throughout this manuscript, 
a  = the Stefan-Boltzmann constant (5.6697 - 10"̂  J s'̂  m'^ K"̂ ) 
is the shortwave surface albedo 
otmin and otnmx urG the minimum and maximum albedo values
A and B are coefficients used to estimate ET from remotely sensed data and are derived 
from regression of ground ET measurements; specifically ET-R^ (mm) versus Tg-Ta (°C) 
ANOVA = Analysis Of VAriance
AVHRR = Advanced Very High Resolution Radiometer; a broad-band, four or five 
channel (depending on the model) scanner, sensing in the visible, near-infr-ared, and 
thermal infrared portions of the electromagnetic spectrum 
,6 = the Bowen Ratio, which is a ratio of sensible to latent heat
B' is an empirically derived coefficient that takes into account roughness length and wind
speed in the estimation of ET from remotely sensed data 
BREB = Bowen Ratio Energy Balance 
Cp = the specific heat of moist air 
Cw is the specific heat of water
C is a coefficient used in the calculation of aerodynamic resistance to heat transport for
unstable conditions and C -  75 k^[(z-d+Zo)/zo] '̂ /̂{hi[(z-d+Zo)/Zo]}^
d is zero-plane displacement and may be estimated as d -  0.65h (Monteith, 1973), where
h is the height of the canopy in meters
ea = the atmospheric vapor pressure at time of measurement
egat = the saturated vapor pressure and egat = 6.108 * 1 3 + Tj)
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ET = ev^xitranspiration; the combination of water lost to the atmosphere via plant 
transpiration and evaporation of soil water and any bodies of water 
ETg = actual évapotranspiration
ETo = potential évapotranspiration; ETo is the maximum rate of évapotranspiration for a 
particular set of environmental conditions given an unlimited water supply 
Ae = the difference in vapor pressure at two levels above the canopy for the calculation of 
the Bowen Ratio
e = the ratio of the molecular weight of water vapor to dry air
6a = atmospheric emissitivy, which is 1.24(eo/Ta)^  ̂(Brutsaert, 1975), where T& is air
temperature (kelvin) and eo is the vapor pressure (millibars) at Tg
6 g  is the surface emissivity, 6 g  =  g y V c  + 6 g ( l - V c )  where 6 y V c  is the vegetation emissivity
(assumed to be 0.95) times the fractional vegetation cover and 6g is the ground/soil
emissivity (assumed to be 0.85)
FOREST-BGC = a frirest ecosystem simulator model that uses stand water and nitrogen 
limitations to alter the leaf/root/stem carbon allocation fraction dynamically at each 
annual iteration
G = ground heat transfer; energy transferred into the subsurface 
h = height of the canopy
H = sensible heat transfer; energy that heats the surrounding air 
IR = infrared wavelengths of the electromagnetic spectrum 
c/w is the mass sap flux density 
k = von Karman's constant (0.41)
LAI = leaf area index (leaf area per unit ground area; m /̂m  ̂)
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LE — latent energy transfer; energy used in the evaporation of water 
LEd = daily latent energy transfer
LIDAR = Light Detection And Ranging radar; a sensor used to measure atmospheric 
water v^xir and certain pollutants
X = the latent heat of vaporization (2.4562 -10"  ̂-10"  ̂kJ kg'  ̂ for an air temperature of 
19°C)
nis a coefficient that adjusts for atmospheric condition; n equals 1.0 for stable conditions
and n equals 1.5 for unstable conditions
N* = a scaled normalized difference vegetation index (NDVf)
NDVI = Normalized DiGkrence Vegetation Index, (NIR-R)/(NIR+R)
NIR = Near Infrared wavelengths of the electromagnetic spectrum 
P -  atmospheric pressure
pc is the volumetric specific heat of the wood in sap flow measurements 
pcp is the atmospheric volumetric heat capacity 
Y -  the psychrometric constant
r  is the distance between the sap flow heater and temperature probes 
rg = aerodynamic resistance to heat transport (s m"̂ )
R = red wavelengths of the electromagnetic spectrum 
RH -  relative humidity
Ri = the Richardson number; Ri = g(Tg - T,)(z - d)/Tg û  where g = acceleration due to 
gravity (9.8 m s"̂ )
Rn = net radiation; the total amount of incoming shortwave and longwave radiation minus 
the outgoing shortwave and longwave radiation for a surface or site
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Rnd = daily net radiation
Rg = daily incoming solar radiation average
Rsi and Rn are the incoming shortwave and longwave radiation, respectively 
Rsf and Ret are the outgoing shortwave and longwave radiation, respectively 
SEM -  standard error of the mean 
is the time to the sap flow temperature maximum 
is the time to s ^  flow maximum temperature with no flow 
Tg -  air temperature
Tr is the radiometric surface temperature 
Tg -  surface temperature
AT = the temperature difference between two levels above the canopy for the Bowen 
Ratio calculation
TMS = Thematic Mapper Simulator; an aircraft bom simulator of the LandSat Thematic 
Mapper (TM) sensor; however, instead of TM 7 bands, the TMS has 12 bands 
u -  wind speed (m s'')
VPD = vapor pressure deficit
z = the height above the surface where u (wind speed) is measured (m)
Zo -  the roughness length and may be estimated as Zo = 0.13b, where h is the height of the 
canopy (m)
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CHAPTER!
LITERATURE REVIEW 
Water Use By An Invasive Plant Species In Desert Riparian Systems 
Water availability in the desert Southwest has always been the primary limiting 
factor to plant growth, and animal and human populations. The introduction of the 
invasive plant species Ta/Marix spp. (saltcedar) to this region has significantly altered 
riparian corridors and plant water use. Tamarix was first introduced into the U.S. in the 
early 1800s as an ornamental tree, for use in windbreaks and as stream bank stabilization. 
As early as 1854, Tamarix species were stocked and sold from nurseries in California. 
Publie awareness of Tamarix within the southwestern states was first noted in the early 
1900s, and in the 1920s the invasive nature of Tamarix and its abihty to alter 
southwestern river flows was reported (Robinson 1965). As of 1961, Robinson (1965) 
estimated that there were ^proximately 900,000 acres (364,500 ha) of Tamarix within 
the western states and over 300,000 acres (121,500 ha) of Tamarix within Cahfrimia, 
Nevada, Arizona and New Mexico. Currently it is estimated that Tamarix occupies 
^iproximately 470,000 to 650,000 hectares in 23 states (Zavaleta, 2000).
In its native habitats (arid/semiarid regions of Eurasia) Tamarix numbers are 
controlled by herbivory and competitive interactions (DeLoach et al, 1996). In the 
western U.S., however, the alteration of stream flows has significantly limited the abihty
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of native species to compete with Tamarix and therefore Tamarix has quite successfully 
invaded large portions of western riparian ecosystems. A survey of the lower Virgin 
River has found that 76 percent of the corridor is vegetated, and Tamarix comprises 84 
percent of that vegetative cover (BIO/WEST 1996). It is obvious that dominance of this 
magnitude by a non-native species represents a significant change in the riparian 
ecosystem.
Tamarix is a facultative phreatophyte (Busch et al. 1992) that is tolerant of saline 
conditions and produces large quantities of seed. In riparian areas where groundwater is 
within 1.5 to 6 m of the surface, Tamarix will grow as a dense stand. In wetter or dryer 
areas, Tamarix will form an open shrubland (Kerpez and Smith 1987). Cleverly et al 
(1997) found that Tamarix could better tolerate mid-summer droughts than native 
obligate phreatophyte species, and therefore will continue to dominate riparian 
ecosystems where stream flow has been reduced by upstream impoundment or diversion.
Tamarix is considered to be a halophytic plant because of its salt tolerance and 
ability to take up salt and exude it via glands in its leaves. When Tamarix become 
deciduous in the Fall, or due to drought, a large mass of litter containing a significant salt 
content is dropped on the soil surface. This mat of high salt content litter prevents other 
plants from establishing as an understory due to the direct effects of salt loading into 
surface soils and also possibly as a hydrophobic layer that effectively prevents rainfall 
from infiltrating into the soil. Combined with its ability to produce large quantities of 
seeds throu^out the growing season, Thmarix has a significant competitive advantage 
over native species.
10
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The construction of impoundments and regulation of river flow has only 
compounded the Tamarix problem. As stated above, the lack of periodic floods limits the 
establishment of native species, many of which depend on flood events for germination 
and establishment. Kerpez and Smith (1987) pointed out that even a weak current can 
uproot Tamarix seedlings, and flood events also remove dense Tamarix leaf litter. 
Therefore, the prevention of periodic flood events appears to strongly favor Tamarix 
dominance in floodplains subject to its invasion.
One of the most obvious impacts of Tarrwrix on riparian ecosystems is the 
exclusion of native species, as alluded to above. Another equally important ecosystem 
impact is the removal of ground water by Tamarix for growth and transpiration. Van 
Hylckama (1974,1980) estimated that Tamarix transpire approximately 31,465 m  ̂of 
water annually per hectare. The reason frir this high water loss estimate was twofold; (1) 
the establishment of dense stands, and (2) Tarrkzrix produce more leaves per unit sapwood 
area than native species (Smith et al. 1996). On a leaf-area basis, Tamarix transpires 
approximately the same amount of water as the native phreatophytes Prosopis 
g/arwTwiasa, &zZix exigoa, and fiwcAea sericea (Sala et a l, 1996). However, because of 
the density of stands and the high leaf-to-sapwood area, significantly more water is 
transpired by Tarrwzrix per unit land area than native species.
Measurement Of Evapotranspiration At The Leaf, Branch And Canopy Levels 
There are two categories of techniques that have been used to measure 
évapotranspiration (ET); meteorological and plant physiological. Meteorological 
techniques provide better ET estimates at the plant community and regional scale because
11
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they measure the flux of water vapor from the canopy boundary layer to the atmosphere. 
Plant physiological ET measurements are made at the leaf and branch level where 
stomatal conductance controls the movement of water vapor out of the plant. For this 
portion of the literature review, only the methods pertinent to this study will be discussed. 
These include water balance (lysimeter), Bowen ratio-energy balance, sapflow and 
porometry.
Water Balance Estimate of Tamarix ET 
Studies to measure or estimate Tamarix ET have been ongoing since 
approximately the 1950s. One of the earliest assessments of Tamarix stand water use 
was made by Robinson (1965). He predicted that Tamarix would occupy at least 400,000 
hectares by 1970 and that the amount of groundwater used by these plants would be 6 x 
10̂  cubic meters per year. Robinson's water use estimates were based on tank 
(lysimeter) studies reported by Gatewood et al. (1950) for the lower Saffbrd Valley, AZ.
In the 1960s, van Hylckama (1970) conducted a water balance (or water budget) 
study using tanks to measure Tamarix ET along the Gila River near Phoenix, AZ. Six 
tanks with a 9 by 9 meter surface and 4.25 m deep were constructed, lined with plastic 
and planted with Tamarix to create a homogeneous stand. ET was measured by 
recording the amount of water going into the tanks. Water in the tanks was maintained to 
various depths to simulate natural differences in depth to groundwater. During the first 
three years of the study, annual water use varied from 215 cm to 96.5 cm for tanks 
maintained at 1.5 m and 2.7 m groundwater levels, respectively.
The van Hylckama study also attempted to examine the impact of stand thinning 
and water quahty (salinity) on Tamarix water use. In general, more water use occurred in
12
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the most heavily vegetated tanks that had been flushed of salts and the least water use 
occurred iu thinned tanks that had not been flushed of salts (230 cm and 96 cm per year, 
respectively). While van Hylckama stated that this study was not conclusive, it does 
suggest that stand density and water quality play an important role in Ta/Marix ET. 
Davenport et al. (1982) used drum lysimeters to measure Tamarix ET and reported rates 
comparable to van Hylckama (1970), e.g., 2.2 to 15.8 mm/day depending on weather 
conditions and stand density. Davenport et al. (1982) concluded that weather conditions, 
time of year, soü water availability and stand density must be considered when 
extrapolating ET measurements spatially or temporally.
Bowen Ratio Estimates of Tamarix ET 
The Bowen Ratio-energy balance (BREB) method has been used for several 
studies of desert riparian ET. To better interpret the results of these studies the theory of 
this technique is discussed first. The BREB method requires measurements of 
temperature and water vapor at two heights above the canopy in combination with other 
micrometeorological data (net radiation, wind speed, wind direction, and soil heat flux). 
The data from these measurements are then used in combination with the energy balance 
equation to provide an assessment of ET.
The energy balance equation is:
Ro = LE + H + G
where net radiation (R :̂ incoming minus outgoing shortwave and longwave radiation) is 
equal to latent energy transfer due to evaporation (LE), sensible heat transfer (H), and 
transfer of energy into the subsurface or ground (G). The Bowen ratio (/3) is a ratio of H 
to LE:
13
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/3-H/LE = Y(AT/Ag) 
where AT is the temperature difference between two levels above the canopy, Ae is the 
difference in vapor pressure at these same two levels, and y is the psychrometric 
constant, dehned by the equation:
Y = (cp f/eLE) (10'^) = 0.0016286 f/LE kPa 
where Cp is the specihc heat of moist air, f  is the atmospheric pressure, e is the ratio of 
the molecular weight of water vapor to dry air, and LE is the latent heat of vaporization 
(Shuttleworth 1993). Combining the energy balance equation with the Bowen Ratio it is 
possible to solve for LE, where:
LE= -  or LE=
1 + /9 l + y(AT/Ae)
Perez et al (1999) evaluated the accuracy of the BREB method and developed 
criteria for rejecting data 6om the BREB method. However, these rejection criteria are 
only valid when the sensor resolution limits and the temperature and vapor pressure 
gradients are known. Also, the tower must be established within homogeneous 
vegetation with sufficient upwind area to meet the fetch requirement of 1:100. That is for 
every meter of tower height (height determined by the height of the upper measurement 
arm), there must be 100 meters of uniform vegetation/topography in the predominant 
upwind direction. If sufGcient fetch is present, data 6om the BREB method is valid 60% 
of the time; invalid data corresponds with night hours and precipitation or irrigation 
events.
Malek and Bingham (1993) compared the BREB method with a water balance 
measurement of ET (ET = precipitation plus change in soil moisture) Ar a homogeneous 
alfalfa held and reported an value of 0.987. These results show that with proper
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instaUation of a tower with sufhcient fetch that the BREB method can provide rehable 
estimates of ET.
In one of the earhest desert riparian studies using the Bowen Ratio, Bowen 
estimates of Ta/Ma/tc ET were compared with lysimeter measurements within the Rio 
Grande River in central New Mexico by Gay and Fritschen (1979). Over a hve-day 
period in mid-June, 1977, they found that Bowen Ratio estimates of ET for two Tomarix 
stands were comparable with the lysimeter estimates of ET for the same stands; the 
authors judged that the comparison between the two methods was excellent. For a 
sparsely vegetated portion of the ThyMarix stand, the average lysimeter estimates of ET 
were 6.4 and 6.7 mm/day while the Bowen Ratio average ET for this stand was 7.4 
mm/day. The average lysimeter estimates k r  a tall, vigorous portion of the stand were 
both 9.2 mm/day and the Bowen Ratio estimate for the same stand area was 9.0 mm/day. 
The conclusions from this study were that the Bowen Ratio is a good technique to 
measure canopy level ET and that ET within a Tamarix stand is not uniform.
Devitt et al. (1998) used the BREB method to compare 1994 and 1996 ET 
estimates for a large Thmarix stand along the lower portion of the Virgin River, Nevada. 
Precipitation did not differ signifrcantly betweenl994 and 1996, and stream flow 
remained below 24.7 x 10  ̂m ;̂ the only factor that was signifrcantly different between 
the two years was the location of the river channel. During 1995 a flood caused a new, 
signifrcantly deeper channel (-2.5 m deep) being formed approximately 0.5 kilometers 
west of the original channel (Fig. 1). It was presumed that this alteration caused a local 
drop in the water table that resulted in an estimated 25 percent canopy loss where the 
Bowen tower was located. Because of this loss of canopy, soil temperatures were higher
15
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in 1996 than 1994 and the increased soil temperatures were correlated with increased 
turbulence. This resulted in higher ET estimates for 1996 versus 1994 (145 cm versus 75 
cm). The authors also noted an increase in advection in 1996 compared to 1994. In 1996 
LE exceeded 65 percent of the time, while in 1994 LE exceeded R« only 11 percent of 
the time. These results clearly demonstrated that water availability, canopy development, 
and atmospheric demand (including advection) play a dominant role in determining 
Th/Murix ET.
San Flow Estimates of 7h/Marix ET 
Sap flow (or stem heat balance) measurements of branch-level ET are based on
the use of a heat pulse to determine sap velocity (Campbell 1992). A sensor containing a 
heater and series of temperature probes is wrapped around a plant branch (or stem). A 
heat pulse is applied through the heater and the temperature probes (typically 
thermocouples) measure the heat pulse as it passes up the xylem via sap flow. The sap 
flux is then calculated using the following equation:
where is the mass sap flux density, is the volumetric specific heat of the wood, r is 
the distance between the heater and the temperature probes, is the time to the 
temperature maximum, C is the time to maximum temperature with no flow, and is
the specific heat of water.
A comparison of ET estimates from sap flow and the water balance approach 
demonstrated agreement between the two methods given that differences between the ET
estimates were explained by 10 percent random measurement errors (MacNish et al.
16
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2000). Grime and Sinclair (1999) performed an error assessment for sap flow 
measurements and concluded that the following recommendations would reduce 
measurement error: ensure good contact between the gauge thermocouples and the stem; 
install gauges with additional insulation away from the soil surface (Devitt et al 1997 
installed gauges at a height greater than 0.3 m from the soil surface); adjust the heater 
power; reduce heater power by 50 percent during night hours or turn the heater off; 
sheath conductance should be determined at least once under zero sap flow conditions; 
consider the influence of stem size, sap flow rate and temperature variation on stem heat 
storage; and recognize that low and high flow frltering may be necessary to eliminate 
spurious sap flow estimates.
Contrary to common belief^ sap flow measurements of Thmarix and native species 
along the Virgin River, Nevada, showed that on a leaf area basis ToTMarix transpire water 
at the same rate as the native species (Sala et al 1996). However, because Tamarix have 
a higher leaf area per stem area and form dense stands, overall water use rates are higher 
within a Tamarix stand compared to a native stand. In a complementary study, Devitt et 
al (1997) found that Thmarix ET, as measured by sap flow, was highly correlated (i  ̂= 
0.77) with relative soil water content. They also found that with decreasing water tables, 
sap flow rates decrease and when additional ground water is provided, Tamarix sap flow 
rates increase within a 24-hour period.
Leaf Level Measurements of Thmarix ET
At the leaf level transpiration is measured using porometry or gas exchange 
systems. These systems measure stomatal conductance of water vapor or a combination 
of water vapor conductance out of the leaf and carbon dioxide uptake by the leaf. Both of
17
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these types of measurements are taken by clamping a cuvette onto a leaf or group of 
leaves. The primary sources of error with these instruments are solar radiation, the effect 
of air blowing across the leaf enclosed in the cuvette, the air pressure within the cuvette, 
and sensitivity of the detector (Denmead 1984). In most cases, a leaf or terminal branch 
is placed in the cuvette less than one minute, so these errors do not affect estimates of 
stomatal conductance and therefore transpiration.
Leaf-level transpiration rates for Tamarix ramo.;i;gima and &ziix goodfiiMgii 
located along the lower Colorado River showed that these two species had a very similar 
diurnal response, reaching a maximum of qyproximately 8 mmol m"̂  s"̂  (Busch and 
Smith 1995). However, a third species, fppaizt;^emoniii, had decreased transpiration 
rates in comparison to Thmarix and &z/ix. Busch and Smith (1995) also measured the 
carbon isotope discrimination for the leaves of these tree species. Contrary to reports of 
Tamarix having low water-use efficiency (Anderson 1982), these carbon isotope results 
indicated that Tamarix had higher water-use efSciency than the native plant species.
Remote Sensing Methods of Assessing Evapotranspiration
Numerous papers have been published that discuss the use of remotely sensed 
data to estimate ET. Remotely sensed data have been used as an estimate of the outgoing 
component of R ,̂ leaf area, and surface temperature that are used in combination with 
meteorological data to solve the energy balance equation and thereby provide estimates 
of canopy and regional scale ET (Moran and Jackson 1991). Moran and Jackson (1991) 
grouped remote sensing ET methods into three categories or approaches: (1) 
instantaneous energy balance evaluation; (2) daily ET determined by an analytical
18
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approach using the energy balance equation; and (3) models that use numerical equations 
to derive daily estimates of ET.
The sources of error for these approaches include: spatial resolution of satellite 
sensors; atmospheric correction of remotely sensed data in the visible, near infrared and 
thermal infrared regions of the spectrum; remote estimation of vegetation aerodynamic 
properties (when freld-based data is unavailable or spatially limited); spatial extrapolation 
of ground-based meteorological measurements; problems with surface temperature 
estimations for sparse canopies; and extrapolation of instantaneous remote sensing ET 
estimates to daily ET estimates (Moran and Jackson 1991).
Instantaneous Energy Balance Evaluation
The instantaneous energy balance evaluation uses a combination of remotely 
sensed and ground data to solve the energy balance equation: Rn = ETX + H + G, where 
Ri is net radiation, ETX is évapotranspiration and the latent heat of vaporization, H is 
sensible heat flux and G is heat flux into the ground/soil. Net radiation (RJ may be 
obtained by a combination of direct measurement and remotely sensed data via:
Rn = Rsi-Rsf+ RLi-RLf 
Where R$i and R n  are the incoming shortwave and longwave radiation, respectively, and 
Rsf and Rif are the outgoing shortwave and longwave radiation, respectively. Jackson et 
al. (1985) proposed measuring incoming shortwave radiation with a calibrated 
pyranometer and that longwave radiation may be estimated frnom measurements of air 
temperature and vapor pressure using the equation: R n = e» where equals 
1.24(eo/Ta) '̂  ̂(Brutsaert, 1975), a  is the Stefian-Boltzmann constant (5.6697 -10"  ̂J s'̂  
m"̂  K"̂ ), Ta is air temperature (kelvin) and eo is the v ^ o r  pressure (millibars) at Ta.
19
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Outgoing radiation (Rgf and R^t) may be obtained from aircraft or satellite multispectral 
radiometers (0.15-4.0 /mn) and remotely measured surface temperatures; R^t = (s 
where 6; is surface emissivity and T, is the surfiace temperature (kelvin).
Alternatively Rn may be estimated by (Li and Lyons, 1999):
Rn = ( l - O t ) R  + -  T / )
where % is the shortwave surfiace albedo; Rg is the incoming shortwave radiation; 6, is the 
surface emissivity; a  is the Stefan-Boltzmann constant; 6a is the atmospheric emissivity; 
Ta is air temperature; and Tr is the radiometric surface temperature. The surface 
emissivity (Eg) may be calculated as a weighted average of bare soil and vegetation:
6 s  ~  C y V c  +  E g ( l - V c )
where EvVg is the vegetation emissivity (assumed to be 0.95) times the fractional 
vegetation cover and Eg is the ground/soil emissivity (assumed to be 0.85).
According to Brutsaert (1975) Ea may be calculated as:
Ea=1.24(ea/Ta)'^ 
where ea is the atmospheric vapor pressure.
After Rn is obtained, the energy balance equation may be solved for 
évapotranspiration (ET) via the equation:
E T X = R n - G - H
Where \ i s  the latent heat of v^orization (2.4562 -10"  ̂-10"  ̂kJ kg"̂  for an air 
temperature of 19° C), G is soil heat flux and H is sensible heat flux. Both the G and H 
terms may be calculated from remotely sensed data via the following relationships. From 
Jackson et al., 1987:
G = (0.583e'^^^^^)Rn
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where NDVI is the normalized difference vegetation index, (near infrared -  red)/(near 
infrared + red). This relationship is only valid fr)r clear sky conditions at midday. The 
sensible heat flux may be calculated by:
H  =  pcp  (Tg -  Ta)/ra
where pcp is the volumetric heat capacity (-1150 J m'  ̂C \  from Moran et al., 1994) and 
rg aerodynamic resistance to heat transport (s m'^). From Moran and Jackson (1991) r& 
may be calculated as follows. Under neutral conditions where T, = T&, rg is: 
rg = {ln[(z-d)/Zo]}^/k^u 
&)r stable conditions where Ts < Ta, ra is:
rg = {ln[z-d+Zo)/Zo]/k^}^(l+15Ri)(l+5Ri)^^/u 
and fr»r unstable conditions where Ts > Ta, ra is:
rg = {ln[z-d+Zo)/zo]/k}^(l-15Ri/[l+C(-Ri)^^]}Vu 
where z is the height above the surface where u (wind speed) is measured; d is zero-plane 
displacement and may be estimated as d = 0.65h (Monteith, 1973), where h is the height 
of the canopy in meters; Zo is the roughness length and maybe estimated as Zo = 0.13h 
(Monteith, 1973); k is von Karman's constant (0.41); Ri is the Richardson number [Ri = 
g(Tg - Tg)(z - d)/Tg u ]̂ with g = acceleration due to gravity (9.8 m s'^); and C = 75 k^[(z- 
d+Zo)/zo] '̂ /̂ {ln[(z-d+Zo)/Zo]} .̂
Analytical Evaluation of Daily ET 
The analytical evaluation of daily ET uses remotely sensed data with 
meteorological data and ground-based regional constants to assess daily transpirational 
water loss. Remotely sensed thermal data acquired once during a day can be used in a 
statistically derived equation such as:
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LEd -  Rid = -B (Tg -Tg) (Jackson et al., 1977)
Where LEa and R^a are daily latent heat and net radiation, B is a regression coefScient 
and Tg and Tg are surface and air temperature respectively. Over the years several 
modified forms of this equation have been proposed.
Rnd — LEd ^  B (Tg — Tg)"
This equation by Seguin and Itier (1983) takes into account roughness length and wind 
speed in the empirically derived B' coefficient, and n adjusts for atmospheric condition, 
e.g., n equals 1.0 for stable conditions and n equals 1.5 for unstable conditions. 
Nieuenhuis et al. (1985) and Carlson et al. (1995) further promoted this equation but 
defined the time of day for acquisition of surface and air temperature as 1300 hours, i.e., 
approximately the time of local maximum temperature, and through simulations 
developed an empirical relationship between the B and n coefficients and a scaled 
normalized difference vegetation index (NDVI) called N*. More recently, Doraiswamy 
et al. (2001) restated the Seguin and Itier (1983) equation as:
ET = Rn + A-B(Tg-Tg)  
where the daily ET term is in units of mm and the coefficients A and B are derived firom 
regression of ground ET measurements; specifically ET-R, (mm) versus Tg-Tg (°C). R, 
may be estimated fi-om remotely sensed data using the following equation (Li and Lyons, 
1999):
R-n — (1  — oit) R  + Egff (Eg Tĝ  — T/) 
where c% is the surface shortwave albedo (firom remotely sensed data), R  is the incoming 
shortwave solar radiation, Eg is the surface emissivity, n is the Stefan-Boltzmann constant 
(5.67 X 10"̂  W m'^). Eg is the atmospheric emissivity which may be calculated by Eg =
22
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1.24 (Cg/Tg)̂ '̂  (eg = the atmospheric vapor pressure at time of measurement) under clear 
sky conditions according to Brutsaert (1975), and Tg and Tr are air and radiometric 
surface temperatures respectively (with Tp from remotely sensed data). The surface 
shortwave albedo may be estimated on a pixel basis by calculating the square root of the 
sum of the squares of the shortwave bands (Warner et al., 1998). Finally, the surface 
emissivity may be calculated as a weighted average of the soil and vegetation 
emissivities:
Eg — Ey V c  + Eg (1 — V c )  
where vegetation and soil/ground emissivities are assumed to be 0.95 and 0.85, 
respectively (Li and Lyons, 1999) and Vc is the fractional vegetation cover which may be 
estimated with the square of the scaled N D V I  or N *  (Carlson et al., 1995).
Modeling ET
Modeling of ET is based on numerical equations that simulate surface energy 
budgets. The numerical equations calculate heat and mass transfer by using remotely 
sensed data in combination with meteorological data. These types of models are 
particularly valuable for estimation of regional ET and therefore most models are 
designed to function in a particular ecosystem or region. For example. Running et al., 
(1989) used the models FOREST-BGC (BioGeochemical Cycles) and MT-CLIM (a 
mountain microclimate simulator) to estimate ET from a forested area around the 
northern half of Flathead Lake in northwestern Montana. The model is an ecosystem 
simulation model that estimates water, carbon and nitrogen cycling within forested 
ecosystems. First gridded meteorological data, including incident shortwave radiation, 
average daytime temperature, minimum temperature, average daytime relative humidity
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and daily precipitation were extrapolated for the entire study site by MT-CLIM from a 
limited set of point measurements. The resulting data were used in the FOREST-BGC 
model along with satellite derived estimates of leaf area index (from AVHRR -  
Advanced Very High Resolution Radiometer) and soil water holding capacity (from the 
National Resource Conservation Service soils database) to estimate daily ET for the 
entire study area. Given that these models are estimating fluxes from areas too large for 
ground verification, it is difficult to truly assess the accuracy of these types of models. 
However, they do provide meaningful information about relative differences in ET 
estimates both spatially and temporally.
ET Estimation Issues 
One of the primary problems with the use of remotely sensed data to estimate ET 
is that the remotely sensed data, while providing large spatial coverage, only represents 
one point in time. This one point in time is typically midday periods. For example, the 
following equations use remotely sensed data to provide an assessment of vegetation 
cover, which in turn provide an assessment of G / R .  In combination with a limited set of 
meteorological measurements, the remote sensing derived G / R n  can be used to solve for 
LE in the energy balance equation (Moran and Jackson 1991). From Jackson et al.
(1987): G/Rn = 0.583 , where NDVI is a normalized difference vegetation index
and is equal to the ratio of electromagnetic energy fi"om the near infrared (NIR) and red 
regions of the spectrum, i.e., (NIR -  red)/(NIR+red). From Kustas and D au^try (1990), 
G/Rn = 0.325 -  0.208NDVL and from Clothier et al (1986), G /R  = 0.295 -  
0.0133(NIR/Red). All of these studies estimated ET fi-om well-watered field crops.
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Moran et a l (1989) used satellite data and the Jackson et al (1987) G /R  equation 
in combination with a sensible heat derivation equation adapted from Mahrt and Ek 
(1984) to solve the energy balance equation for an instantaneous estimate of ET from 
cotton, wheat and alfalfa fields. They found that these results compared well with 
instantaneous ET measurements from aircraft and fiem a Bowen Ratio tower. Examples 
of the daily ET/analytical approach are studies reported in Price (1980, 1982, 1990), 
where remotely sensed thermal infrared data are used to provide regional scale estimates 
of ET. AVHRR (Advanced Very High Resolution Radiometer) satellite data were 
analyzed to estimate ET for an area along the North Platte River, Nebraska, and yielded 
an ET value of 5.3 mm/day for this region (Price 1990). Possible sources of error include 
presence of thin cirrus clouds in the atmosphere, sensitivity of the surface temperature to 
meteorological conditions and the models used, and locational error of the ground points 
used to measure ET for closed canopy vegetation and bare soil.
An example of the third approach is utilization of modeling and numerical 
equations. In this approach, AVHRR (Advanced Very High Resolution Radiometer) data 
were used to provide an estimate of leaf area index and, combined with other data 
(topography, soils, climatic data) in a geographic information system, a forest ecosystem 
simulator model (FOREST-BGC) was used to estimate ET frr a region in western 
Montana (Running et al. 1989). Using this technique, the authors fbimd that ET varied 
across the region frmn 25 to greater than 55 cm/yr.
The following is a discussion of a study that used remote sensing to examine ET 
for Tamarix growing along the Rio Grande, New Mexico. Neale et al (2001) used three 
synchronized digital cameras to acquire imagery in the green (0.545-0.555 /tm), red
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(0.665-0.675 /mi) and near infrared (0.790-0.810 /mi) regions of the spectrum. Using the 
Jackson et al. (1987) ^proach, instantaneous estimates of Tamarix ET were calculated 
frir two dates. The remotely sensed ET data were compared to ET estimates from an 
eddy flux tower; remote sensing estimates were 535 W m'^ and 722 W m"̂  versus eddy 
covariance estimates of 275 W m'^ and 349 W m"̂  for days 1 and 2, respectively. The 
differences between these two measurement methods were attributed to improper 
estimation of sensible heat flux, errors in canopy temperature, energy storage within the 
Tamarix stand, advection, comparison of instantaneous fluxes (remote sensing) with the 
10-minute average fluxes of the eddy flux tower (particularly wind speed and direction), 
and errors in the aerodynamic resistance calculation.
Scaling Evapotranspiration
Scaling refers to the aggregation or decomposition of either small- or large-scale 
measurements to a different spatial (or temporal) scale. For example, the aggregation of 
leaf-level gas exchange measurements to estimate community- or ecosystem-level gas 
exchange. Although there are similarities in the issues and errors that are inherent in both 
spatial and temporal scaling, such as the effect of environmental variability on a scaled 
estimate, only spatial scaling will be discussed here.
One of the questions asked by Jarvis (1995) is why do we want to upscale 
(bottom-up scaling) or downscale (top-down scahng) measurements? Why not simply 
make the necessary measurements at the desired scale, e.g., use a steady-state porometer 
to measure leaf level transpiration and a Bowen ratio or eddy covariance tower to 
measure canopy transpiration. A simple answer may be a lack of instrumentation, as is
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the case in assessing canopy- to ecosystem-level photosynthetic rates. Although it may 
be argued that canopy-level transpiration can be assessed and these measurements can 
then be used to model photosynthetic rates. Another reason to acquire data and then scale 
it up or down may be to gain an understanding of how variables affect processes at 
different scales (Jarvis 1995). Whatever the reason for performing a scaling exercise, it is 
important to recognize the limitations of scaled data.
Bottom-up Scaling
The bottom-up approach to scaling is typically based on physiological 
measurements conducted at the cellular, leaf or branch level that are then scaled to 
estimate the same parameter or process for the whole plant, canopy, or ecosystem. While 
the primary benefit (strength) of this ^iproach is an understanding of the chemical or 
plant physiological processes that control a particular parameter or process, there are 
several limitations to the scaling of this data. Using transpirational flux as an example, 
the following text will describe the limitations of scaling leaf-level flux measurements to 
an ecosystem or landsc^e level.
Starting with the porometer measurement itseR the first limitations to bottom-up 
scaling encountered are measurement errors and representativeness of the samples. To 
scale leaf-level measurements to the ecosystem, sufficient samples must be acquired to 
account for heterogeneity within the ecosystem. For example, measurements must take 
into account different species, shade versus sunlit leaves, patchiness of stomatal 
conductance due to micro-environmental differences, and leaves at the top of the canopy 
and sunlit leaves that are protected fiom wind by neighboring plants. It is the 
heterogeneity within the ecosystem that results in process non-linearity and scaling
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errors. Herbst (1995) pointed out that scaling of leaf-level measurements to the canopy 
level not only requires measurements for each leaf class, it also requires an assessment of 
the total leaf area of each leaf class.
The next set of errors in, or limitations to, bottom-up scaling are related to 
boundary layers. To measure transpiration with a steady-state porometer, the leaf must 
be inserted into a cuvette. Within the cuvette a fan blows air across the leaf to prevent 
increases in leaf temperature within the cuvette. The movement of air across the leaf 
virtually eliminates any boundary layer and increases the vapor pressure deficit (VPD), 
which results in an increased transpiration rate (Denmead 1984). If the natural 
environment has stable atmospheric conditions (i.e., no wind), then the porometer 
measurement would not be representative of actual transpiration rates. To account for 
this, bottom-up scaling efkrts with cuvettes can obtain short-term measurements of 
stomatal conductance, then must model transpiration based on prevailing temperature and 
VPD gradients that the leaf experienced prior to placement in the cuvette.
In the natural environment, the transpiration rate firom each scale is impacted by 
the surrounding air or boundary layer. At the leaf level, conductance occurs fiom the 
stomata into the leaf boundary layer, and is dependent upon the thickness of that 
boundary layer and its VPD. Factors that affect the leaf boundary layer include 
meteorological conditions and the sh^e, size, and physical characteristics of the leaf In 
still air, leaf transpiration is said to be decoiqiled (Jarvis and McNaughton 1986) fiom 
stomatal control because the leaf transpiration rate does not vary significantly with 
increasing stomatal ^erture. Figure 2.1, adapted fiom data presented by Jarvis and 
McNau^ton (1986), depicts this decoupling. The reason that the transpiration rate in
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still air does not increase with increasing stomatal ^erture is due to stomatal 
humidification of the leaf boundary layer, which in turn decreases the VPD.
Just as each leaf has its own boundary layer resistance to conductance, each plant, 
canopy and ecosystem has its respective boundary layer. The thickness of each boundary 
layer, beyond the leaf boundary layer, is dependent on the sh^e, structure and 
heterogeneity of the canopy and the presence of landscape edges along adjacent patches 
of differing structure. The effect that each boundary layer has on the transpiration of 
water vapor fi"om the leaf to each successive boundary layer up to the landscape is 
dependent on the meteorological conditions operating at that scale. As depicted in Figure 
2.1, if conditions are windy, boundary layers are efiectively reduced or eliminated to the 
point that transpiration is tightly coupled to stomatal aperture size (i.e., conductance).
Multiple layer models that take into account the micrometeorological properties 
(including radiation properties) within each layer can be used to merge abiotic factors 
with leaf-level stomatal conductance to estimate canopy or ecosystem conductance. 
Baldocchi et al. (1991) recommend that measurements be acquired from adjacent scales 
to reduce noise, umeliability and impractical models. For example, Granier et al. (1996) 
found that sap flow measurements can be used to provide accurate estimates of whole 
tree transpiration. However, they found that even fi)r apparently homogeneous stands, 
differences in stand density and sapwood area make it difficult to scale sap flow 
measurements to total stand transpiration.
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Figure 2.1. Depiction of stomatal aperture influence on transpiration rates in stiU and 
moving air; the line plotted for still air conditions shows that transpiration is decoupled 
6om stomatal control (adapted &om Jarvis and McNaughton, 1986).
Top-down Scaling
Top-down scaling decomposes measurements made at a larger scale to estimate 
canopy or leaf level processes. Transpiration is typically estimated/measured at the 
ecosystem level with remote sensing techniques and at the canopy-level with either a 
Bowen ratio or eddy covariance tower. A Bowen Ratio approach only measures wind in 
the horizontal direction and large measurement errors are associated with advective 
conditions (Devitt et a l, 1998) while the more robust instrumentation of an eddy 
covariance tower can account for advection and turbulence. However, eddy covariance
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performs poorly under calm conditions and is subject to periodic failure, e.g., 5 percent 
down time (Soegaard and Boegb 1995, Baldocchi et aL 1996). These approaches are 
meteorological in nature and there&re do not take into account the physiological 
mechanisms that regulate plant transpiration. Both the Bowen ratio and eddy covariance 
techniques have random and systematic errors in the instrumentation and resulting 
measurements, and both methods work best in horizontally homogeneous canopies under 
steady-state conditions (Baldocchi et al 1991). For example, Prueger et al (2000) were 
only able to validate their eddy covariance measurements via energy balance closure 
approximately 40 percent of the time. To improve their data, they calculated the Bowen 
ratio and used it to force energy balance closure.
Top-down scaling is attractive because it is integrative and based on simple 
general laws of energy balance (Baldocchi et al 1991). It is integrative in the sense that a 
canopy to ecosystem level measurement of transpiration takes into account all of the 
variability within the stand. The primary difficulty in scaling measurements to finer 
spatial resolutions is in choosing the proper mathematical relationships. Traditionally, a 
“big leaf’ approach has been used, but this approach is only valid for very limited 
environments/conditions, namely "steady-state atmospheric conditions; a dry, fully 
developed, horizontally homogeneous canopy situated on level terrain; identical source- 
sink levels for water-v^or, sensible heat and momentum transfer; and negligible 
cuticular transpiration and soil evaporation" (Baldocchi et al 1991; p. 207). Recently, 
models that are multi-layered have been developed to provide more accurate estimates of 
finer scale fluxes. Bottom-up models can be used in conjunction with top-down models 
to provide biological parameters that describe stomatal regulation of plant transpiration.
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When is it more useful to use a top-down or bottom up approach?
This depends on the goals of research effort. If one desires an understanding of 
the effect stomatal conductance has on canopy or ecosystem level water flux, then a 
bottom-up approach would be most appropriate because it preserves the rates of the 
processes involved (Jarvis 1995). A top-down approach on the other-hand would provide 
an understanding of the effect micrometeorological and radiative transfer processes have 
on physiological processes and overall water flux, and would represent the sum 
integrative total of leaf-level processes.
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CHAPTERS
SPATIAL VARIABLITY OF TRANSPIRATION 
WITHIN A HOMOGENEOUS TWAMRTY STAND 
Abstract
Transpiratioii measurements were estimated for open and closed stands of 
Ta/Murix razMoszsszTMa (saltcedar) at two sites within a desert riparian corridor on the 
lower Virgin River fioodplain, southern Nevada. One site (open and closed stands) was 
within 10 meters of the river channel (River site), and the other site (open and closed 
stands) was more than 50 meters from the river channel near a Bowen ratio tower 
(Bowen site). The data were acquired during a dry summer; therefore, the only water 
source available to the ZazMwix stands was surface water in the river channel or 
groundwater. Depth to groundwater was greater than 3 m (maximum attainable 
piezometer depth) throughout most of the growing season for all sites. The results 
showed that stomatal conductance was significantly different between sites and stand 
densities (P < 0.001). Cuvette-based transpiration rates also varied between open and 
closed stands, depending on proximity to water and date. Specifically, open stands 
transpired ^proximately 1.8 times more water per unit leaf area at the River site and 2.5 
times more at the Bowen site than their paired closed stands throughout the season.
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However, there was not a statistically signiGcant difference in transpiration rates between 
dates within each site and as a function of stand density.
A comparison of sap Gow data showed that open stands generally had higher sap 
Gow rates per unit leaf area throughout the day in comparison to the closed stands at each 
site, but these differences were not signiGcant. Daily accumulated sap Gow and peak sap 
Gow per day were not signiGcanGy different between the open and closed stands at the 
River site, except for late summer when the open stand had both higher accumulated s ^  
Gow and peak rates (^iproximately 2 times higher for both). At the Bowen site, daily 
accumulated sap Gow between the open and closed stands was only signiGcantly different 
in late spring, when the open stand transpired approximately twice as much water as the 
closed stand. Daily peak sap Gow rate was not signiGcanGy different between open and 
closed stands at the Bowen site except for mid-summer, when the open stand peak Gow 
was almost twice as high as that of the closed stand.
Although the s ^  Gow data were acquired on different dates at the two sites, a 
comparison of daily s ^  Gow means showed that the River site transpired 1.4 to 3.7 times 
more water than the Bowen site. However, due to the high variability among individual 
trees, only the May/June and August/September data for the closed and open stands, 
respecGvely, were signiGcanGy different. WhGe there were no data to determine the 
availability of soil water, leaf water potenGals were more negadve for plants at the 
Bowen site than the River site, indicating that soil water content or depth to groundwater 
were more limiting at the Bowen site. These results mdicate there is considerable spaGal 
and temporal heterogeneity of transpiraGon within a homogeneous Tamunx stand. The 
variabiGty in transpiraGon appears to be primarily dependent on available water (surface
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Gow and/or groundwater depth) and stand density. The results Gom this study also 
indicate that during a dry year variability in transpiration among neighboring trees can be 
signiGcant.
IntroducGon
Twno/tc spp. is an exoGc, invasive, woody species group that has rapidly spread 
throughout the southwestern US over the period of a century or more. Robinson (1965) 
estimated that had invaded over 370,000 hectares in the western United States
by 1961 and predicted increases in Tamurix of 30,000 hectares every ten years. Based in 
part on Robinson's predicGons, Zavaleta (2000) estimated that 7a/»anx currently occupy 
zq)proximately 470,000 to 650,000 hectares in 23 states. Given the invasive nature of 
Tamarix and observed sGeamGow declines G)r nparian areas with dense Tamarix stands, 
studies were iniGated in the 1970s to quanGtaGvely examine the amount of water used by 
Tamarix. Davenport et aL (1982) reported Tawzarix evapotranspiraGon (ET) rates of 2 to 
16 mm/day in sparse and dense stands, respectively, and Gay and Fritschen (1979) 
indicated that annual ZafMarix water use varied Gom 1.3 m at cool high desert sites to 2.0 
m in warm, low elevaGon sites.
Previous studies on the VGgin River (southern Nevada) Goodplain by Sala et al. 
(1996) reported ET m Tamarix ra7Maywĵ z/»a to range Gom 5.9 to 16.3 mm day"̂  G)r the 
period of July to October. This study also showed that on a leaf area basis Tama/zx 
transpired the same amount of water as naGve species. However, because Ta/narix has a 
higher leaf-to-s^wood area raGo, and G>rms dense stands, this species transpires 
signiGcantly more water per unit land area than naGve species. The maintenance of
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Tamarix leaf area therefore plays an important role in seasonal ET rates (Smith et al 
1996). Devitt et al (1997 b) concluded that a spaGal assessment of stand density (along 
with an assessment of water availabiGty) within the Virgin River Goodplain was needed 
to provide a better understanding of canopy-level Tamurix ET.
The primary goal of the research reported herein was to gain a better 
understanding of the spatial and temporal nature of Tamarix water use within a desert 
nparian corridor, buGding upon the work of Sala et al (1996), Smith et al (1996) and 
DeviG et al (1997a and b). Two microsites within the Virgin River Goodplain were 
idenGGed for this study: (1) a locaGon agacent to the primary nver channel (<10 m); and 
(2) a locaGon at some distance (>50 m) Gom the primary nver channel (Figure 3.1).
These sites were located near the Sala et al. (1996) and DeviG et al. (1997a and b) study 
sites and a Bowen RaGo tower used for stand-level estimates of latent heat Gux (DeviG et 
al. 1998). The hypotheses of this study were: (1) Tamarix at the River site would 
transpire more water than the Bowen site due to greater availability of water; (2) open 
stands would transpire more water than closed stands due to greater leaf-to-air vapor 
pressure dif&rences; and (3) a comparison of transpiraGon Gom leaf- and branch- level 
scales would yield similar water use patterns.
Materials and Methods 
Two study sites were selected within a homogeneous stand of Thmarix
that extends across the 1200-m-wide lower VGgin River Goodplain in 
Nevada. The study sites were situated on sandy to sandy loam textured alluvial deposits 
located near the northern boundary of the Lake Mead NaGonal RecreaGon Area (36°35 'N,
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114°20'E) at an elevation of approximately 380 m above sea level. One study site was 
located within 10 meters of the river channel (River site) and one site was located more 
than 50 meters from the river channel near a Bowen Ratio tower (Bowen site). A cluster 
of open and closed canopy trees were selected at each site (approximately 400 m  ̂areas) 
to monitor transpiraGon (T) at different times throughout the 1996 growing season 
(Figure 3.1). The open canopy areas were located along dry stream channels where Gees 
did not have neighboring trees along one side. The closed canopy areas had neighboring 
trees 360-degrees around each Gee. Sala et a/. (1996) estimated a ToTMarix stand density 
of 64,600 stems ha"̂  for this area. InfbrmaGon on daily streamflow for the VGgin River 
was acquired Gom the U.S. Geological Survey's LitGeGeld, AZ gauging staGon via the 
“Surface-Water Data for the Nation” website (http://waterdata.usgs.gov/nwis/sw).
I
T  NorthScale 1:3895
0.1 ^   ̂ Oj
Kilometers
0.3
Figure 3.1. May 30,1995 color inGared composite image of the study area.
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Transpiration was monitored by leaf-level water vapor exchange (LI-1600 steady 
state porometer; LI-COR Inc., Lincoln NE) and sap Gow (Dynamax heat balance; Baker 
and van Bavel 1987. Given the distance between the two sites, T measurements were 
performed during different tune periods for the two study sites. Leaf-level water vapor 
exchange data (LI-1600 porometer) were acquired mid-moming (between 0830 and 1030 
h) on April 17, June 12, July 29 and September 9 at the River sites, and on April 24, June 
5, August 5 and September 4 at the Bowen sites. The leaf-level data were acquired Gom 
the same tree for which s ^  Gow data were being measured, but Gom a neighboring 
branch than that used G)r the sap Gow measurements. Xylem water potential was 
measured on the same terminal branches from which conductance measurements had 
been acquired. The cut branches were placed on ice and transported immediately to a 
central location where water potentials were measured in a pressure chamber (Soil 
Moisture Inc., Santa Barbara, CA) within a minute or two Gom the time of cutting. The 
samples were then transported on ice to the laboratory for leaf area measurements using a 
leaf area meter (Delta T Devices, Cambridge, UK).
Sap Gow data were acquired at the River site April 10-17, June 5-12, July 22-29, 
and September 4-9, and at the Bowen site April 17-24, May 29 -  June 5, July 29 -  
August 5, and August 26 -  September 4. A DNXIO data logger (Dynamax, Houston TX) 
recorded data Gom two 8-channel AM416 mulGplexers (Campbell ScientiGc, Logan UT), 
each attached to temporary masts within the measurement site's open and closed 
canopies. Seven sap Gow gauges were attached to TuMzurix branches varying in diameter 
Gom 12 to 28 mm, within each canopy locaGon. The gauges were set up in two groups 
based on gauge size and branch diameter so that dual voltage regulators could be adjusted
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to provide the necessary voltage output tor each size group. The gauges were installed, 
one per tree, at a height at least 0.3 m above the soil surface. Each gauge was wrapped 
with Aam insulation and then sealed with aluminum fail to reduce direct insolation.
After the measurement period was completed all sap Gow branches were harvested, 
bagged and transported to the laboratory for immediate processing. The dry mass of all 
transpiring Gssues was measured and a dry mass to leaf area regression developed by Sala 
et a/. (1996) was used to determine branch leaf area. Sap Gow was calculated using the 
gauge output signals, gauge characteristics, stem s^wood diameter, and the maximum 
Kgh value between 0100 and 0400 hours (Baker and van Bavel 1987). Sap Gow (g h'^) 
was then normalized by dividing sap Gow by the leaf area of the measurement branch and 
converted to g m"̂  h"\
Routine meteorological data were acquired simultaneously with sap Gow during 
all measurement time periods. These data included solar radiaGon, wind speed, wind 
direction, air temperature, relative humidity and precipitation. Daily potential 
évapotranspiration (ETq) was calculated from the meteorological data using the modified 
Penman-Monteith equaGon (van Bavel 1966).
Piezometers were placed at both study sites to a depth of 3 meters. Due to the 
sandy soil condiGons and remote access, it was not possible to excavate deeper than 3 
meters. Groundwater depth was deeper than 3 meters at both sites fr)r aG data coGecGon 
penods except the AprG and May measurements at the Bowen site.
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Results
The summer of 1996 was a dry summer with no precipitation and lower than 
usual streamflow. Average streamflow during the summers of 1993-1995 were 16,4 and 
13 m  ̂sec'\ respectively. River flow gradually declined during the 1996 growing season 
Êom approximately 10 to 2 m  ̂sec"\ and averaged 3 ± 1 m  ̂sec"̂  throughout the 
measurement period. There was one spike of high streamflow (33 m  ̂sec"̂ ) during the 
period of May 22-24. Daily river flow, ETo, and the dates for the sap flow and leaf 
conductance measurements are presented in Figure 3.2.
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Figure 3.2. Daily Virgin River stream flow (solid hne), potential évapotranspiration 
(ETo; hlled circles), and dates for sap flow (short vertical hnes) and leaf-level gas 
exchange (tall vertical hnes).
45
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Factors Influencing Transpiration 
Depth to groundwater was not measurable at the River site, although mud was 
detected at the bottom of the piezometer on the April and May data collection dates.
Water was detected at 2.82 and 2.97 m at the Bowen site far the April and May data 
collection dates, respectively. During the rest of the growing season the piezometers (3 
m in depth) were dry. Because it was not possible to measure depth to groundwater 
throughout the entire growing season, the xylem water potential data provided an indirect 
means to assess plant-available water for the measurement sites in this study.
Considering that ThyMnnx is a facultative phreatophyte that can access both groundwater 
and vadose zone sources (Busch et al., 1992), it is reasonable to utilize plant water 
potential as a proxy far water availability for these plants.
Plant water potentials became more negative 6om the beginning of the growing 
season until the end (Figure 3.3), except for the Bowen closed stand, which maintained 
consistent plant water potentials throughout the growing season. A 3-way ANOVA 
revealed that there was a statistically significant interaction between sites (2), canopy 
densities (2) and dates (4) on water potentials (P=0.024). This was verified with a 
Friedman's RM ANOVA (P < 0.001) on ranks because the data were not normally 
distributed. T-tests between open and closed canopies for each site revealed that water 
potentials at the River open and closed stands were signiGcantly different for every date 
except the June measurement date. At the Bowen site, the open versus closed stand water 
potentials were only signiGcantly different for the Apnl measurement date (P = 0.017).
Although the water potenGal data were acquired on different dates for the River 
and Bowen sites, these dates were close enough to provide a general assessment of
46
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
différences in water potential between the two sites. T-test comparisons of the River and 
Bowen open stands determined that the Bowen site had signiGcantly more negaGve water 
potenGals than the River site, except G)r the May/June date. T-test comparisons of the 
closed stands yielded similar results and the only date where the stands were not 
signiGcantly different was the July/August comparison. Over the experimental period, 
the Bowen site had more negaGve water potenGals than the River site with a mean 
seasonal difference of 1.10 ± 0.49 mPa. This suggests that water availability was more 
limiting at the Bowen site compared to the River site.
River Open River Closed Bowen Open Bowen Closed
i . ;.1:- T Ï 1 ]:
 ̂ 5 1 f 1
017-Apr 012-Jim m 29-Jul N 9-Sep □  24-Apr □  5-Jun H 5-Aug ■  4-Sep
Figure 3.3. Mid-moming xylem water potential of Tamarix from open and closed 
canopies at the River and Bowen study sites (± standard deviation, n = 7).
Leaf-level Conductance 
A three-way ANOVA of the steady-state porometer measurements showed that 
stomatal conductance was signiGcanGy different between sites (P<0.001) and between 
stand densiGes (P<0.001), but there was no signiGcant relaGonship between conductance 
and date (P=0.083), nor were there any signiGcant interacGons among site, stand density,
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and date. Because the data were not normally distributed and had unequal variances a 
RM ANOVA on Ranks confirmed that the data groups were signiGcantly different 
(PcO.OOl). A series of t-tests showed that stomatal conductance was signiGcantly higher 
6)r the open stands in comparison to the closed stands on all dates for each site, except 
July and September at the River site. A similar set of t-tests showed that stomatal 
conductance was signiGcantly different between the open stands at both sites and 
between closed stands at both sites for aU dates. Averaged across all dates, the River site 
open stand had higher conductance values (144 ± 66 mmol m'^ sec'^) than the Bowen site 
open stand (82 ± 49 mmol m"̂  sec"'). The same was true for the closed stands, with River 
and Bowen site average conductances of 58 ± 34 and 24 ± 11 mmol m"̂  sec"', 
respectively.
Branch-level Transpiration -  Sap Flow 
The average hourly sap flow data for single days at the River site are shown in 
Figures 3.4-3.7. Instrument failure resulted in an incomplete data set for the September 
data acquisiGon dates and only the aGemoon data Gom 1330 to 2300 hours are shown.
At all sites, sap flow increased as ETo increased. The ETq data in all of the sap flow 
graphs are from a micro-meteorological tower that was located in the open stand during 
sap flow data collecGons at each site. On April 11"' the River site open stand had shghtly 
higher sap flow, and hence higher transpiraGon rates, than the River site closed stand 
throughout the entire day, although this difference was not signiGcant (Figure 3.4). On 
June 6* and July 24* (Figures 3.5 and 3.6) sap flow increased rapidly in the closed stands 
unGl approximately 1000 h, then gradually decreased through the aGemoon. flow at
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the River site open stand followed a normal bell-shape curve, with peak sap flow 
occurring approximately at noon.
To examine whether any of the differences between the River site open and 
closed stands were related to differences in environmental condiGons, the vapor pressure 
deGcit (VPD) calculated Gom the LI-COR 1600 measurements were examined. VPD 
was signiGcantly different (P==0.044) between the River site open and closed stands for 
all dates. However, VPD was not consistently higher or lower between the open and 
closed stands. VPD was higher in the open stand for April and July, and higher in the 
closed stand for June and September (Table 3.1).
Sap Gows at the Bowen site are shown in Figures 3.8-3.11. Sap Gow responded 
rapidly to increases in ETo, peaking at qiproximately 1000 h and then gradually declining 
through the afternoon. The excepGon was Apnl 22"'' (Figure 3.8), when sap Gow 
gradually increased until noon and then gradually decreased, i.e., a normal bell-shaped 
curve. Sap flow was generally higher for the Bowen site open stand in comparison to the 
closed stand on all dates except August 27* (Figure 3.11). However, daily accumulated 
sap flow was signiGcantly different (P = 0.027) between the Bowen site open and closed 
stands only on May 31. By examining the VPD data (Table 3.2), it was noted that VPD 
was signiGcantly higher for the Bowen site closed stand than the open stand by 
approximately 1 kPa. The only excepGon was on September 4 (the date closest to the 
August 27* sap flow data), when the open and closed stand canopy VPDs were the same. 
This may have been due to the higher relaGve humidity on that date (daily mean of 34.7% 
versus 28.0%, 10.6% and 23.9% for April 24, June 5 and August 5, respecGvely).
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Table 3.1. Average leaf-to-air vapor pressure deGcits (kPa ± standard deviation) for the 
River site open and closed stands; VPD was signiGcantly different between stands for ail 
dates.
RIVER Open Closed t-test
April 17 2.68 ± 0.07 > 2.53 ±0.15 P = 0.044
June 12 4.15 ±0.54 < 4.95 ± 0.65 P = 0.027
July 29 3.77 ±0.17 > 2.60 ± 0.40 P < 0.001
Sept 9 1.68 ±0.17 < 2.85 ±0.10 P <  0.001
Table 3.2. Average leaf-to-air vapor pressure deGcits (kPa ± standard deviaGon) for the 
Bowen site open and closed stands; VPD was signiGcantly different between stands for 
ail dates except September.
BOWEN Open Closed t-test
April 24 3.09 ±0.17 < 4.05 ± 0.41 P < 0.001
June 5 3.63 ± 0.49 < 5.07 ± 0.37 P < 0.001
Aug 5 3.50 ±0.38 < 4.42 ± 0.34 P < 0.001
Sept 4 3.94 ± 0.06 = 3.94 ± 0.67 NS
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Figure 3.4. Average hourly sap flow for ramojiLyfzma 6om the River site open
and closed stands on April 11 (+/- Standard Error of the Mean - SEM).
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Figure 3.5. Average hourly sap flow for Th/Marir 6om the River site open
and closed stands on June 6 (+/- SEM).
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River Site
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Figure 3.6. Average hourly sap flow for Th/Marn: ûom the River site open
and closed stands on July 24 (+/- SEM).
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Figure 3.7. Average hourly sap flow for Thmarêc horn the River site open
and closed stands on the afternoon of September 4 (+/- SEM).
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Figure 3.8. Average hourly sap flow for 6om the Bowen site open
and closed stands on April 23 (+/- SEM).
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Figure 3.9. Average hourly sap flow for Tamu/tc ra/MOfüfimu 6om the Bowen site open 
and closed stands on May 31 (+/- SEM).
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Figure 3.10. Average hourly sap flow for Tamarix ûom the Bowen site
open and closed stands on July 30 (+/- SEM).
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August 27
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Figure 3.11. Average hourly sap flow &r Tamarix ramaaiy,$ima 6om the Bowen site 
open and closed stands August 27 (+/- SEM).
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Although the sap flow data were not acquired on the same dates at the River and 
Bowen sites, an analysis of variance was performed to examine the effect of site, stand 
density and measurement date on sap flow. The results showed that the relationship 
between sap flow and these three factors was signiGcant for each factor individually (P = 
0.001, P=0.033 and P = 0.003 for site, stand density and date, respecGvely). However, 
when examining a combinaGon of factors, sap Gow was signiGcantly different only G)r 
the combinaGon of site and date. A comparison of the data revealed that the open and 
closed stands at the River site had h i^ e r  daily accumulated sap Gow means than the 
Bowen site (Table 3.3). However, the only date where these differences were 
signiGcanGy different (t-test) was the August/September comparison of the open stands 
(P = 0.033). The September daily accumulated sap Gow for the River site was calculated 
based on the April, June and July sap Gow data at this site. These data showed that 40 
and 50 percent of the total daily sap flow occurred prior to 1300 hours for the open and 
closed stands, respecGvely. As can be seen by the standard deviaGons in Table 3.3, there 
was a high degree of sap flow variability between neighboring trees at each site.
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Table 3.3. Mean daily sap flow (g day" )̂, ± standard deviation, for Tamarix
ramosissima Gom the open and closed stands at the River and Bowen sites. The first date 
listed is the date of the River site data and the second date is for the Bowen site data. T- 
tests were performed at an a  of 0.05.
Open Stands River Bowen t-test
Apr 11/23 3853± 1024 2830 ±710 NS
Jun 6/May 31 4551 ±3056 1437± 245 NS
July 24/30 2537 ± 1694 1575± 363 NS
Sept 4/Aug 27 2634 ± 761 1211 ± 102 P = 0.033
Closed Stands
Apr 11/23 2612± 122 1688 ± 772 NS
Jun 6/May 31 3290 ±2114 587 ± 16 NS
July 24/30 2169 ±767 1009± 44 NS
Sept 4/Aug 27 1052 ±74 1209± 749 NS
Discussion
This study examined seasonal variadons in transpiraGon Gom open and closed 
Tamarix ramosissima stands located at two sites on the Gooc^lain of the Virgin River, 
NV. The 1996 growing season was a dry period (i.e., no precipitaGon Gom March to 
September) with low groundwater tables and predominantly low streamflow throughout 
the season. It was hypothesized that plants at the River site would transpGe more water 
than at the Bowen site, that open spaced canopies would transpire more water than dense 
plants in closed canopies within a given site, and that leaf-level and branch-level
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estimates of transpiration would show similar trends. The results Gom the leaf-level 
(steady-state porometer) measurements clearly supported the hypotheses that 
transpiration would be higher G)r plants at the River site and in open stands. For all 
dates, mid-moming stomatal conductances in trees Gom the River site were nearly three 
times higher than the Bowen site. Similarly, stomatal conductances G»r trees in open 
stands were nearly two Gmes higher than Gees in closed stands on all dates. When 
stomatal conductance is plotted versus leaf water potential (Figure 3.12) the four 
site/canopy density combinations appear as non-overlapping clusters in the Gllowing 
order (highest to lowest conductances and water potentials): River open; River closed; 
Bowen open; and Bowen closed. Therefore, the diGerence between sites (River 
Bowen) spears greater than the difference between stands (open versus closed) at each 
site. Even though mid-moming stomatal conductances and leaf water potenGals were 
correlated, the relationship between these two variables provide clear separation between 
the sites and stand densiGes.
A g r^h  of stomatal conductance versus VPD (Figure 3.13) provided a similar 
separation of sites and stand densities, with plants Gom the River site having higher 
conductances and lower VPD's than at the Bowen site, and plants in open stands tending 
to have higher conductances but not necessarily lower VPD's. The iniGal hypothesis 
was that plants in open stands would exhibit higher leaf-to-aG VPD's due to greater 
turbulent exchange in open canopies, but that was not found in this study. This may be 
because Tamarix, at least in the monospeciGc stands that typify the VGgin River, more 
broadly impact VPD on a larger, Goodplain-level scale.
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Figure 3.12. Mid-moming stomatal conductance versus leaf water potenGal in 
Tamarix ramosGgima Gom open and closed stands at the River (Rv) and Bowen (B) sites, 
averaged Gr all dates; n = 6 and = 0.23.
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Figure 3.13. Mid-moming stomatal conductance versus vapor pressure deGcit in 
Tamarix romosissima Gom open and closed stands Gom the River (Rv) and Bowen (B) 
sites, averaged G)r all dates; n = 6 and r̂  = 0.16.
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The results 6om the sap flow measurements were not as clear-cut. While mean 
daily, accumulated sap flows were higher for the River site in comparison to the Bowen 
site, these diSerences were only signiûcant for one date h)r the open canopies (Table 
3.3). The comparison between open and closed stands yielded similar results. Sap flows 
in open stands were consistently higher than in closed stands, but these differences were 
only signiGcant in May for the Bowen site (P=0.027) and September for the River site 
(P=0.002). Figure 3.14 displays daily accumulated sap flow for open and closed stands 
at both the River and Bowen sites for the dates depicted in Figures 3.4 -3.11. While sap 
Gow was not signiGcantly different between locaGons and stand densiGes for most dates, 
the overall annual data clearly shows a trend of higher sap flow for the River site open 
stand and the lowest sap flow for the Bowen site closed stand.
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Figure 3.14. Daily accumulated sap flow in Tomurbc for G)ur dates
at the open and closed stands of the River and Bowen sites.
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The third hypothesis -  that the leaf-level and branch-level data would show 
similar water use trends — is siqiported by the data. However, the limited staGsGcal 
signiGcance within the sap Gow data and large standard deviaGons clearly show a high 
degree of variability in the branch-level sap Gow measurements. There was no 
signiGcant relaGonship between Gee diameter or sapwood area and sap Gow per unit leaf 
area; therefore, tree size did not appear to play a role in s ^  Gow variability. Previous 
studies conducted at the VGgin River have shown similar sap Gow variances among trees 
located within open and closed stands even when soil water was not limiting (Sala ef a/. 
1996, DeviG er a/. 1997a and b). Grime and SinclaG (1999) reported variaGons in 
apparent sheath conductance and stem heat storage related to gauge size or stem diameter 
under different moisture regimes. SpeciGcally, as the dry season progressed the apparent 
sheath conductance and stem heat storage increased, parGcularly for the larger gauges (35 
mm and up). Because sheath conductance and stem heat storage affect the calculation of 
sap Gow, an omission or error in the esGmaGon of these factors may result in 
overestimation of sap flow estimates. While all gauges used in this study were less than 
25 mm in diameter, no separate assessment of stem heat storage or sheath conductance 
was made to allow assessment of this error type and, therefore, sap flow at the VGgin 
River sites might be overestimated. However, the use of a low Glter (as performed in this 
study) should minimize this error, and the relaGve differences between sites and stand 
densiGes should be representaGve of actual differences in transpiraGon.
In previous VGgin River studies, conflicting results have been reported &)r open 
and closed stands. DeviG ef of. (1997b) repoGed higher sap flow rates in a closed 
Thmnrû; stand versus an open stand, while Sala ef uZ. (1996) repoGed the opposite.
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namely, h i^e r sap flow rates in an open stand. These results could be expected because 
the Sala gf a/. (1996) data were acquired during a wet year and the DeviG ef a/. (1997b) 
data were acquired during a dry year. With sufGcient available water, higher 
transpiraGon rates Grom an open stand would be anGcipated under the higher VPDs that 
should occur in open stands. During a dry year, high VPDs would be expected to cause 
stomatal closure and therefore sap Gow would be higher in a closed stand compared to an 
open stand. Despite the repoGed opposite results, both studies reported an average sap 
Gow difference of approximately 200 g m'^ h'  ̂between open and closed stands. The 
difference in mean sap Gow between open and closed stands in the study repoGed here 
was smaller, ranging between 5 and 150 g m'^ h '\  However, it is emphasized that this 
study more explicitly tested the open- versus closed-stand hypothesis than did the 
previous studies.
In another study, DeviG gt aZ. (1997a) repoGed higher sap Gow rates for a stand 
growing at the river’s edge versus an open stand at some distance from the river channel. 
The results Gom the drydown and peak drydown porGon of the DeviG gt oZ. study 
correspond very weG with the mean hourly sap Gow data measured at the River site 
compared to the Bowen site in this study. During dry periods, DeviG et al. (1997a) 
reported peak sap Gow values ranging Gom 300 to 600 g m"̂  h"̂  (on a leaf area basis). In 
this study, mean peak sap Gow rates at the River site ranged between 250 and 600 g m'^ 
h '\  This indicates that the estimates of Ta/nurix sap Gow acquired along the Virgin River 
are consistent during dry periods. However, the Bowen site sap Gow estimates were 
clearly lower than sap Gow estimates Gom the previous studies. While one reason G)r the 
lower values may be due in paG to the dry condiGons during the 1996 growing season, it
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is highly probable that a river channel change that occurred during a Good in 1995 altered 
the water table at the Bowen site location. Prior to the 1995 Good, river Gow occurred 
across a broad area (approximately 50 meters) just east and adjacent to the Bowen site. 
AGer the Good, the river channel moved approximately 120 meters to the west of the 
Bowen site and became entrenched in an incised, 3-4 m deep channel, thereby impacting 
groundwater depth at the Bowen site. Based on previous data, the combination of the 
dry weather and altered groundwater table resulted in a one-meter decline in groundwater 
depth between 1993 and April 1996. This diGerence increased throughout the growing 
season, having a possible negative impact on soil-plant hydraulic conductance and 
therefore total water Gux in Tamarix (Horton et al. 2001). The results from this study 
help to provide a more complete understanding of water use variability within a 
monospeciGc stand of Thmnrix Water availability and stand density clearly
play an important role in transpiration rates at the individual plant level, particularly 
during a dry year characterized by low river Gows and depressed groundwater tables. 
Assessments of water use at the Goodplain level, even when the vegetation is composed 
of a single species, must therefore take into account spatial and temporal variation in 
surface water, groundwater depth, and stand structure.
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CHAPTER 4
REMOTE SENSING ASSESSMENT OF FLOOD IMPACT ON TRANSPIRATION 
WITHIN A HOMOGENEOUS STAND
Abstract
During the spring of 1994 andl996, transpiration was estimated at various scales 
for open and closed stands of Thmarcr (saltcedar) at sites within a
homogeneous desert riparian corridor on the lower Virgin River floodplain in southern 
Nevada. In 1995, a flood altered the river channel, moving the channel 550 meters west 
and 3-4 meters deeper than the previous channel. Low altitude multispectral scanner data 
(Daedalus 1260 and 1268) that were acquired on 22 April 1994 and 13 April 1996 
captured the change in the river channel and resulting impact on riparian vegetation. 
Daily évapotranspiration (ET; mm d"̂ ) was estimated j&om the remotely sensed data 
using the relationship: ET = Rg + A -B(Tg -  Ta), where Rn is net radiation, A is a 
regional constant, B is associated with roughness length (mm °C'^), and T, and Ta are 
canopy surface and air temperatures, respectively. The remote sensing-derived ET 
estimates were found to be within ±1.0 mm day'^ for the locations where s ^  flow data 
were acquired simultaneously with the remotely sensed data. The results revealed that
(1) aerial estimates of Zh/Marzr ET could be reliably estimated with remotely sensed data,
(2) flood-induced channelization of river flow reduced Thma/tr transpiration, and (3)
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remote sensing is an excellent way of detecting and integrating spatial variation in ET 
across a large floodplain environment.
Introduction
The impact of Thmarcr spp. (salt cedar) invasion on water in Southwestern 
riparian corridors has been a topic of concern and study since the mid 1900s. Since the 
introduction of Tomarix to the North American continent in the late 1800's, Th/Mgrix now 
occupies approximately 470,000 to 650,000 hectares in 23 states (Zavaleta 2000). The 
success of 7hma/%x is due in large part because it is a &cultative phreatophyte that is 
tolerant of saline conditions, produces large quantities of seed, and disperses seed over a 
long time period (Stromberg 1997; Smith et al. 1999). Furthermore, the impoundment of 
western rivers has reduced native species recruitment due to reduced flooding. Flooding 
removes accumulated surface salt and deposits nutrient-laden sediments (Stromberg et al. 
1991), and reduced flooding results in a growing environment more favorable for 
Th/Mürix over native species. In a study in the eastern Sierra Nevada of California, Smith 
et al. (1991) reported that decreased stream flow (due to diversion) resulted in reduced 
density and leaf area/size and a signiEcant reduction m seedling survivorship for native 
species, which cumulatively give invasive species such as Thmarix a competitive edge. 
Kerpez and Smith (1987) pointed out that even a weak current can uproot Jh/Marix 
seedlings, and therefore the prevention of periodic flood events further favors Thmarix 
establishment and growth.
In riparian areas where groundwater is within 1.5 to 6 m of the surface, 7b/»nrix 
will grow as a dense stand. In areas with shallow groundwater (< 1.5 m) Thmarix do not
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form a dense stand and where groundwater is deeper than 6 m from the surfiace Ta/Mnrix 
may form an open shrubland (Kerpez and Smith 1987). Busch and Smith (1995) and 
Cleverly et o/. (1997) found that because Thmnrix is a facultative phreatophyte, it could 
better tolerate mid-summer droughts than native obligate phreatophytic species, and 
therefore will continue to dominate riparian ecosystems where stream flow has been 
reduced by upstream impoundment or diversion. It is uncertain how established stands of 
ThyMarix impact flood events. Robinson (1965) stated that dense Ta/Murix stands cause 
flood waters to disperse and inundate larger areas than would be expected with native 
riparian vegetation. However, Grozier (1965) stated a contrasting point of view, that 
dense Tamarix stands promote the development of deeper, narrower channels during 
flood events. A summary of the ecology of Tamarix by Everitt (1980) stated that there is 
no convincing evidence that either of these positions is correct.
Early studies of Tamarix transpiration, using lysimeters, showed that Tamarix use 
large quantities of water (van Hylckama 1970; Gay and Fiitschen 1979; Davenport et al. 
1982). Van Hylckama (1974,1980) estimated that Tamarix transpire approximately 
31,000 m  ̂of water annually per hectare. On a leaf-area basis, Tamarix transpires 
approximately the same amount of water as native phreatophytes such as fro.;qpij, &z/ix, 
and fiwcAea within the lower Virgin River floodplain (Sala ei a/., 1996). However, 
because Tamarix has a higher leaf to sapwood area, and forms dense stands, this species 
does transpire more water per unit land area than native species. The maintenance of 
Tamarix leaf area there&re plays an important role in seasonal transpiration rates (Smith 
et al 1996). Devitt et al (1997 b) stated that a spatial assessment of stand density (along 
with an assessment of water availability) is needed to provide a better understanding of
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canopy-level Tamarix ET at the watershed scale. Remote sensing is one of the best tools 
to provide synoptic coverage for spatial assessments of ET.
Remotely sensed data have been used to estimate ET by providing estimates of 
the outgoing component of net radiation (Rn), leaf area, and surface temperature that are 
used in combination with meteorological data to either solve the energy balance equation 
Rn = H -  LE -  G -  or for use in numerical models (Moran and Jackson 1991). Moran 
and Jackson (1991) grouped remote sensing ET methods into three categories or 
approaches: (1) instantaneous energy balance evaluations; (2) daily ET determined by an 
analytical approach using the energy balance equation; and (3) models that use numerical 
equations to derive daily estimates of ET.
If remotely sensed thermal data are acquired, sufBcient meteorological data are 
available and regional constants can be determined, the daily ET analytical approach is a 
simplified and effective way to assess daily ET. Remotely sensed thermal data acquired 
once during a day can be used in a statistically derived equation such as:
LEd -  Rnd = -B (Ts -Ta) (Jackson et al. 1977)
where LEd and R,d are daily latent heat flux and net radiation, B is a regression 
coefBcient, and Tg and Tg are surface and air temperature, respectively. Over the years 
several modiSed forms of this equation have been proposed; Ar example:
Rw-LEd = BXTs-Ta)"
This equation by Seguin and Itier (1983) takes into account roughness length and wind 
speed in the empirically derived B' coefficient, and n adjusts for atmospheric condition; 
e.g., n equals 1.0 for stable conditions and 1.5 for unstable conditions. Nieuenhuis et al. 
(1985) and Carlson et al. (1995) promoted this equation, but de&ned the time of day for
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acquisition of surface and air temperature as 1300 hours, i.e., approximately the time of 
local maximum temperature, and through simulations developed an empirical relationship 
between the coefBcients (B and n) and a scaled normalized difference vegetation index 
(NDVI) called N*. More recently, Doraiswamy et al. (2001) restated the Seguin and Itier 
(1983) equation as:
ET = R« + A -B (T ,-T a )  
where ET (mm) and the coefScients A and B are derived 6om regression of ground ET 
measurements; specifically ET-Rg (mm) versus Ts-T@ (°C). Rg may be estimated 6om 
remotely sensed data using the fbUowing equation (Li and Lyons 1999):
R n =  (1  — 0^) R s +  Ggff (6a Tg — Tp^) 
where c% is the surfiace shortwave albedo (&om remotely sensed data), Rg is the incoming 
shortwave solar radiation, 6g is the surface emissivity (which according to Brutsaert 
(1975) may be calculated as: 6» = 1.24 (eg/Tg)^  ̂where e& is the atmospheric vapor 
pressure), n is the Stefan-Boltzmann constant, 6g is the atmospheric emissivity, and Tg 
and Tr are air and radiometric surfiace temperatures, respectively. The surfiace shortwave 
albedo may be estimated by calculating the square root of the sum of the squares of each 
pixel’s reflectance value for all shortwave bands (Warner et al. 1998). The final variable, 
surfiace emissivity, may be calculated as a weighted average of the vegetation and 
soil/ground emissivities:
6s = 6v Vc + 6g (1 — Vc)
where vegetation and soil emissivities are assumed to be 0.95 and 0.85, respectively (Li 
and Lyons 1999) and Vc is the factional vegetation cover which may be estimated with 
the square of the scaled NDVI or N* (Carlson et al. 1995).
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When estimating ET &om remotely sensed data it is important to recognize and 
account for all potential sources of error. The sources of error include: (1) spatial 
resolution of the sensor; (2) atmospheric correction of remotely sensed data in the visible, 
near in&ared and thermal ioAared regions of the spectrum; (3) remote estimation of 
vegetation aerodynamic properties (when Aeld-based data are unavailable or spatially 
limited); (4) spatial extrapolation of ground-based meteorological measurements; (5) 
problems with surface temperature estimations for sparse canopies; and (6) extrapolation 
of instantaneous remote sensing ET estimates to daily ET estimates (Moran and Jackson 
1991). These errors must be considered when estimating and comparing ET rates using 
remote sensing.
A previous remote sensing study that examined ET far Tamarix growing along 
the Rio Grande, New Mexico, used three synchronized digital cameras to acquire 
imagery in the green (0.545-0.555 jam), red (0.665-0.675 pm) and near infrared (0.790- 
0.810 pm) regions of the spectrum (Neale et al. 2001). A comparison of the remotely 
sensed ET data to ET estimates from an eddy flux tower resulted in large differenees 
between the two ET estimate methods. The remote sensing ET estimates were 535 W m'^ 
and 722 W m'^ versus eddy covariance estimates o f275 W m"̂  and 349 W m"̂  for days 1 
and 2, respectively. The differences between these two methods were attributed to 
improper estimation of sensible heat Aux, errors in canopy temperature measurement, 
energy storage within the Tamarix stand, advection, comparison of instantaneous Auxes 
(remote sensing) with the 10-mmute average Auxes of the eddy Aux tower (particularly 
wind speed and direcAon), and errors in the aerodynamic resistance calculation.
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One of the goals of onr study was to determine whether better estimates of 
Tamarix transpiration could be achieved from multispectral scanner remotely sensed data 
versus data from other methods such as the digital camera method used by Neale et al. 
(2001). Our hypotheses were that homogeneous Tamarix stands would have spatial 
variations in transpiration based upon leaf area and water availability, and that 
mulAspectral scanner data would provide reasonable estimates of transpiradon spatial 
variability. Such estimates should then be able to provide a reliable areal assessment of 
the changes in transpiration resulting from a Aood-induced river channel diversion.
Materials and Methods 
Remotely sensed data were acquired in April 1994 and 1996 over a riparian area 
on the lower Virgin River Aoodplain, Nevada where Thmarix transpiration data were
acquired on the ground at various scales. The study site (Figure 4.1) was a broad alluvial 
floodplain (approximately 2 km wide) with a homogeneous stand of Tamarix 
ramosissima growing on sandy to sandy loam textured alluvial deposits. Within the 
study site, transpiration was heing monitored at the leaf (steady-state porometer), branch 
(sap flow) and stand level (Bowen ratio tower) at various times throughout a 4-year 
period (Sala et al. 1996; Smith et al. 1996; Devitt et al. 1997a,b; Devitt et al. 1998). The 
transpiraflon measurements were acquired at different locations within the study area to 
provide an assessment of spatial vaiiaAons in évapotranspiration (ET) estimates based on 
proximity to the river channel and density of the stand (open versus closed). The open 
canopy areas were located along dry stream channels where trees did not have 
neighboring trees along one side. The closed canopy areas had neighboring trees 360-
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degrees aroimd each tree. Sala et aZ. (1996) estimated a Tamarix stand density of 64,600 
stems ha"̂  for this area. For this study, only the sap flow data will be compared with the 
remotely sensed data. (Complications with the Bowen tower during the remote sensing 
data collections prohibited its use for this part of the study.) The sap flow measurements 
were acquired according to the methodology reported in Devitt et al. (1997b) and 
Fenstermaker et al. (in preparation). The resulting data were normalized by the leaf area 
of the measurement branch and converted to mm day"\ Potential evapotranspiradon was 
calculated from weather station data using the van Bavel (1966) modiflcadon of the 
Penman-Monteith equadon.
The location of the sap flow transpiration measurements (n = 7 trees) for April 
1994 and April 1996 are depicted in Figure 4.1. A comparison oftranspiradon between 
these two dates provides an example of the impact of stream diversion on Tamarix 
stands. During the Spring of 1995 a flood event moved the Virgin River channel a 
maximum of 550 meters west of its 1994 position. The new channel followed a former 
dry channel, and the flood-waters scoured the channel approximately 3-4 meters deeper 
than it had been in 1994.
Infbrmadon on streamflow rates was obtained from the U.S. Geological Survey's 
Litdedeld, AZ gauging stadon via the "Surface-Water Data for the Nadon" website 
fhttp://wateidata.usss. eov/nwis/swl. Meteorological data for this study were obtained 
from two sources, the Virgin River Bowen Rado tower (1996) and a meteorological 
tower located on Frenchman Flat (1994) approximately 140 km west-northwest of the 
Virgin River study site. The Frenchman Flat meteorological tower was the only other 
tower within southern Nevada that collected and archived data necessary for the
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completion of this research. The suite of meteorological measurements acquired at a 
height of 8 m from both towers included: incoming solar radiation, wind speed, wind 
direction, air temperature, atmospheric vapor pressure, relative humidity and 
precipitation.
r
April 22,1994
I I 1994 Sample Location
Apnl 13,1996 
1996 Sample Locations 4 Tower Location
Figure 4.1. Color infrared composite images of the Virgin River study area in 1994 and 
1996. The locations of sap flow measurements acquired during both years are indicated.
Low altitude aircraft data were acquired by the Environmental Protection 
Agency's (EPA) Radiation and Indoor Environments National Laboratory (formerly the 
Environmental Monitoring Systems Laboratory), Las Vegas, NV and the Department of 
Energy, National Nuclear Security Administration - Nevada Operations OfAce's (NNSA-
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NV) Remote Sensing Laboratory operated by Bechtel NV, Las Vegas, NV. All data were 
acquired j&om an altitude of 914 m (3000 ft) above ground level, which provided a 2- 
meter pixel resolution. On 22 April 1994 (1218 h), the EPA aircraft acquired Daedalus 
1260 12-channel multispectral scanner data. On 13 April 1996 (1301 h), the DOE 
aircraft acquired Daedalus 1268 12-channel multispectral scanner data. Table 4.1 lists 
the wavelength ranges for the 12 channels of these two sensors.
Simultaneous with the remote sensing data acquisition, ground reflectance spectra 
of soil, water and Tamarix canopies were acquired with a Personal Spectrometer II (350 -  
1150 nm) in 1994 and a FieldSpec FR spectrometer (350 -  2500 nm) in 1996 (Analytical 
Spectral Devices, Inc., Boulder, CO). An average of ten spectra were recorded for each 
sample and three samples were acquired for each surface. Temperature measurements of 
these same surfaces (n = 3 for each surface) were acquired with an infrared thermometer 
(Everest Interscience, Inc., Tucson AZ).
Table 4.1. The spectral wavelengths of each channel for the two multispectral scanners 
that acquired aircraft remotely sensed data.
Channel Daedalus 1260 Daedalus 1268
1 0.38 -  0.45 0.42 -  0.44
2 0.42 -  0.45 0.46-0.51
3 0.45 -  0.50 0.52 -  0.59
4 0.50-0.55 0.59 -  0.62
5 0.55 -  0.60 0.62 -  0.67
6 0.60 -  0.65 0.67 -  0.72
7 0.65 -  0.69 0.73 -  0.85
8 0.70-0.79 0.84 -  0.97
9 0.80-0.89 1.59-1.79
10 0.92-1.10 2.10-2.40
11 8.50 -  14.0 (low gain) 8.28 -  10.67 (low gain)
12 8.50 -  14.0 (high gain) 8.28 -10.67 (high gain)
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The April 1994 data were georectifled by the EPA Laboratory using onboard 
GPS data. The NNSA-NV aircraft did not have onboard GPS and therefore the data were 
not georectifled, but the Remote Sensing Laboratory did geometrically correct the data 
prior to release. The remotely sensed data were processed using the ENVI image 
processing software (Research Systems Inc., Boulder CO). The data were converted to 
reflectance values using the ground spectra as input to the empirical line method. The 
empirical line method employs linear regression to force aircraft spectra to match the 
corresponding ground spectra within each channel. The thermal band (Band 11) in the 
April 1996 data was converted to surfiace temperatures by regressing the raw thermal data 
against actual temperatures using SigmaStat software and the ENVI band math procedure 
(i  ̂= 0.98). Due to spatial resolution problems with the 1994 thermal bands, a two-step 
process was employed to produce a 2-meter resolution temperature band. The Arst step 
was a linear regression between a limited number of ground temperature measurements 
and thermal band 11 to produce a temperature image (r̂  = 0.82). The second step was to 
regress the 1994 albedo band (discussed below) with the temperature band to produce a 
2-meter resoluAon temperature image (r̂  = 0.97).
The daily ET analyAcal approach was used to estimate daily ET from the 
remotely sensed data. SpeciAcally, the equadon:
E T  = R n + A — B(Tg — T a)
Ajom Doraiswamy et al. (2001) was used, where A and B are coefAcients derived Anm 
regression of ground ET measurements; speciAcaAy ET-R^ (mm) versus Tg-Ta (°C). The 
remotely sensed inputs needed for this approach included surface temperature, albedo, 
Aacdonal vegetadon cover and surfiace emissivity. The ground-based measurements
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included air temperature, atmospheric vapor pressure and incoming solar radiation.
These data were either used directly in the equations or were used to calculate variables 
for the equations.
The following equation was used to calculate R, for each pixel within the images:
R n  —  ( 1  —  )  R g  +  6 g U  ( 6 a  T g  — T / )
which is a slightly modiSed version of the Li and Lyons (1999) equation where 04* is a 
scaled surface albedo, Rg is the incoming shortwave solar radiation, 6g is the surface 
emissivity, u is the Stefan-Boltzmann constant (5.67 x 10"̂  W m'^), 6g is the atmospheric 
emissivity which may be calculated by 6& = 1.24 (eg/Tg)^  ̂(e& = the atmospheric vapor 
pressure at time of measurement) under clear sky conditions (Brutsaert 1975), and T& and 
Tr are air and radiometric surface temperatures, respectively (with Tr derived from 
remotely sensed data). The surface albedo was calculated by taking the square root of the 
sum of the squares for each shortwave band (Warner et al. 1998) and then scaled 
following the approach used by Carlson et al. (1995) to scale NDVI values, namely:
6% (t%  " 6^tjnin) /  (Pkxmx ~ 64mm)
where otmm and otmax are the minimum and maximum albedo values and is the 
individual pixel albedo value within the remote sensing data. The daily incoming solar 
radiation average values (Rg) were measured with a LI-COR LI200 pyranometer at the 
Frenchman Flat meteorological tower (1994) and the Virgin River Bowen Ratio tower 
(1996) were 529.2 and 553.5 W m'^, respectively.
The next step was to calculate the surface and atmospheric emissivities for each 
date. First, the fractional vegetation cover ( V c )  was calculated by squaring the scaled
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NDVI data according to Carlson et al. (1995). The resulting data were used in the Li and 
Lyons (1991) surface emissivity equation:
6 s  —  6 v  V c  +  6 g  ( 1  — V c )
As stated previously, the vegetation emissivity (6v) was assumed to be 0.95 and the sod 
emissivity (6g) was assumed to be 0.85. Atmospheric emissivity was easily calculated 
(6g = 1.24 (eg/Tg)̂ ' )̂ for April 1996 using the air temperature and atmospheric vapor 
pressure recorded by the Bowen Ratio tower, and these values were 19.3 °C (292.3 °K) 
and 0.438 kPa (4.38 mbar). In April 1994, the Bowen Ratio tower had major equipment 
failures, resulting in no data collection on April 22. However, air temperature and 
atmospheric vapor pressure measurements were acquired earlier in April and immediately 
following April 22. The air temperature data from the Bowen Ratio tower (Tsvr) were 
regressed with air temperature data acquired at the same height from the Frenchman Flat 
tower (TgFp). The resulting relationship, TgVR = 8.1 + 0.766TgpF (r̂  = 0.90, P < 0.001), 
produced an estimate of 26.2 °C, which was within 0.1 °C of the mean air temperature 
recorded at the McCarran International Airport in Las Vegas, NV. Because atmospheric 
vapor pressure data were not available for April 22 from any source in southern Nevada, 
an estimate of relative humidity at the time of data collection was used to calculate the 
actual atmospheric vapor pressure. Maximum relative humidity values from the 
McCarran International Airport in Las Vegas, NV (maxRHLv) were hnearly regressed 
with Virgin River relative humidity (RHv^), temperature (Tgvn) and saturated v ^ o r 
pressure (CggtvR) data to estimate relative humidity at the time the remotely sensed data 
were acquired. The resulting equation (below) had an of 0.68 (P < 0.001).
RHva = 0.155 + (0.391 * maxRHcv) -  (0.087 * eggtva) + (0.0091 * TgVR)
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The only missing data for the above equation was the saturated vapor pressure. This 
value was calculated using the equation:
*  in ( ( 7  S*T y(237.3 +  T ))Ogat- 6.108 * 10 a
The resulting eggi value was 3.40 kPa, and when used in the relative humidity regression 
equation resulted in an RH of 21% at the Virgin River study site for 1200 h on 22 April 
1994. Usmg this value and the saturated v ^ o r pressure, the actual vapor pressure was 
estimated to be 0.71 kPa (e» = RH * Cggt). Using this e& value, atmospheric emissivities 
were calculated to be 0.727 on 22 Apnl 1994 and 0.681 on 13 April 1996.
After Rn was calculated and converted to units of mm day"\ the next step of the 
data processing was an examination of the relationship between (ET-Rg) and (Tg-T») from 
ground measurements of ET. Using linear regression with the 1996 data, the coefficient 
A was estimated to be -3.198 and B was estimated to be -0.782 (r  ̂= 0.87; n = 4; P -  
0.069). Using these values (and their signs) to estimate ET, the equation ET = R„ - A - 
B(Tg -  Tg) was used and ET (mm day'^) was estimated from the 1994 and 1996 remotely 
sensed data.
Results
1994 and 1996 were both dry years, with low streamflows and no precipitation 
occurnng during April (Figure 4.2); however, higher streamflows occurred during 1993 
and 1995. Average streamflows for 1994 and 1996 were 3.6 and 2.6 m  ̂sec'\ 
respectively, and 15.8 and 12.7 m  ̂sec"̂  for 1993 and 1995, respectively. Thus, both 
years were hydrologically very similar. Air temperatures, however, were different
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between April 1994 and April 1996, with air temperature during spring and summer of 
1994 at least 7-8 °C warmer than the same period in 1996.
500
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Date
Figure 4.2. Virgin River streamflow (black line) and McCarran International Airport 
(Las Vegas) daily mean temperature (gray hne) j&om 1993 to 1996. Remote sensing data 
acquisition dates (22 April 1994 and 13 April 1996) are indicated with arrows.
Sap flow data were acquired in 1994 and 1996 to coincide with the remotely 
sensed data acquisitions. In 1994, the sap flow data were acquired for a five-day period 
(April 21 to 25). Open canopy Tnwarnc were measured along a dry channel on the west 
side of the Virgin River floodplain approximately 500 meters flom the channel where 
water was flowing (Figure 4.1). In 1996, sap flow data were acquired at open and closed 
canopy sites ar^acent to the river charmel (< 10 m) during April 10 to 17, encompassing 
the date of the remote sensing data acquisition. Sap flow data were also acquired for
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open and closed canopies at a site distant to the river channel (>50 m) a week later (April 
17 to 24). The open canopy site was located approximately 100 meters 6 om the river 
channel and the closed canopy site was located approximately 200 meters from the river 
channel. These data were acquired to provide a comparison of ET rates between Tamarix 
stands close to the river channel and stands at some distance 6 om the river channel.
Due to an equipment failure, no sap flow data were acquired 6 om 0 0 0 0  to 1 2 0 0  h 
on the day of the 1 3  April 1 9 9 6  when remote sensing data were acquired. By regressing 
sap flow (plant transpiration (T) in mm d'^) ûom other days during that period versus net 
radiation, it was possible to estimate sap flow for the morning period; for both the open 
and closed sites the value was 0.91 (P < 0.001). The regression equations were: 
g m"̂  = 2 3 . 7 9 5  +  ( 0 . 1 6 4 * R n )  for the open site; and 
g m'^ = 29.59 + (0.0994*Rn) for the closed site.
The equipment failure also impacted the measurement and calculation of ETq for this day. 
Sap flow values for each canopy site during the day of remotely sensed data acquisition 
as well as average sap flow for a 3-5 day period are displayed in Figure 4.3. An ANOVA 
determined that there was a significant difference among dates and open and closed 
canopies (p = 0.004). Pairwise multiple comparisons (Tukey Test) revealed that sap flow 
was significantly different for all dates and canopy combinations except, with only a few 
exceptions. Potential évapotranspiration was not signiflcantly different among any of the 
April 1994 and 1996 dates, although ETo tended to be lower for the 1996 sap flow 
acquisition dates in comparison to the 1994 acquisition dates.
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Figure 4.3. Sap flow and potential évapotranspiration (-(-standard error) during the 
day of remote sensing data acquisition and averages for 3-5 days during the same periods. 
(N = 7, 5 and 3 gauges for the single day measurements, and n = 5, 5 and 3 days for the 
average data during the periods 21-25 Apnl 1994,11-15 April 1996 and 20-22 April 
1996, respectively.)
The results of the remote sensing data analysis for 22 April 1994 and 13 April 
1996 are shown in Figures 4.4 and 4.5. The two images in Figure 4.4 are scaled 
normalized difference vegetation indices (NDVI). It is obvious &om these NDVI images 
that the flood-induced channel diversion impacted the amount and location of dense 
green vegetation within this portion of the Virgin River watershed. The Figure 4.5 
images depict ET in mm day"̂ , with the darker blue colors representing higher ET 
amounts and the red color representing no water loss. As anticipated, the river channel 
with flowing water had the highest evaporation rate and the dry river channels had no 
estimated ET. The images show an overall decrease in ET ûom the April 1994 to the
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April 1996 date, which agrees with the sap flow data acquired on these same dates 
(Figure 4.3). Average and maximum ET rates were computed for the land area between 
the two central dry channels within the images. In April 1994, the average ET was 4.28 
mm d'  ̂with a maximum rate of 12.18 mm d"\ In April 1996, the average ET was 2.79 
mm d"̂  with a maximum rate of 10.66 mm d"\
1
April 22,1994 Apnl 13,1996
Figure 4.4. Normalized Difference Vegetation Indices (NDVI) of the same 
location on the Virgin River floodplain, be&re and after a flood-induced channel 
diversion. The dark blue color represents no green vegetation, and the green through red 
colors represent increasing amounts of green vegetation with red representing the largest 
amount of green vegetation. (The same density slice thresholds were used to generate 
both images.)
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Figure 4.5. Maps of évapotranspiration in April 1994 and April 1996. Locations
where sap flow data were acquired are circled in black.
The remote sensing-derived estimates for surface temperature and ET were 
compared to ground data to assess the accuracy of the remotely sensed ET maps.
Because the estimate of ET hom remotely sensed data is primarily reliant on the remotely 
sensed temperature image, the accuracy of the conversion of the thermal inGared (TIR) 
response values to temperature is important to assess. A linear regression analysis of 
image and ground temperatures revealed a relationship of Image Tg = 4.44 + (0.87 * 
Ground TJ with an r  ̂of 0.99 (P< 0.001). A t-test and one-way ANOVA showed no
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significant difference between the image and ground values (P = 0.967). Given that the 
same ground temperature data was used in the TIR response conversion, a close 
relationship between image and ground temperatures (± 3°C) was expected (Table 4.2). 
Additional ground temperature data would be required to provide an unbiased assessment 
of image temperature accuracy.
Table 4.2. Comparison of average instantaneous temperatures 6 om the remotely 
sensed data and ground-based inGared thermometer measurements (n = 3 locations).
Date Location Temp °C Image
Temp°C
Ground Difference °C
1994 Water 28 25 +3
Sand 54 56 -2
Vegetation 34 35 -1
1996 Water 17 14 +3
Sand 39 40 -1
Vegetation 25 25 0
A linear regression analysis of image and ground estimates of ET revealed a 
relationship of Image ET = 0.88 + (0.82 * Ground ET) with an r̂  of 0.89, P = 0.015. 
Similar to the temperature data, a t-test and one-way ANOVA revealed no signiGcant 
difference between the image and ground-based estimates of ET (P == 0.621). The 
maximum difference between image and ground-based estimates of ET was 1.0 mm day"̂  
for the areas where both image and ground estimates were available (Table 4.3).
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Table 4.3. Comparison of average ET estimates Gom the remotely sensed data 
and sap Gow measurements G)r the same locaGon (n = 3).
Date Canopy Type ET mm day"̂  Image
ET mm day"̂  
Sap Flow DiGerence mm day'^
1994 Distant Open 4.5 4.6 -0.1
1996 River Open 3.7 3.4 +0.3
River Closed 3.4 2.4 +1,0
Distant Open 2.7 2.4 40.3
Distant Closed 1.8 1.5 +0.3
Discussion
The objecGves of this study were to (1) assess ZuTMurcc transpiration losses in the 
Virgin River Goodplain with reasonable accuracy using estimates derived Gom aircraG 
multispectral scanner data, and (2) determine if a signiGcant Good event and resultant 
river channel re-duecGon and downcutting impacted Ta/Murcc transpiraGon across the 
Goodplain by comparing data for the same seasonal time period a year before and after 
the Good. To meet these objectives, aircraft mulGspectral scanner data were acquired 
simultaneously with sap Gow measurements on 22 April 1994 and 13 April 1996. The 
primary abioGc differences between these two dates were the air temperature and the 
locaGon of the river channel. In 1996 the air temperature was 7-8 °C cooler and the river 
channel was located ^proximately a half kilometer west and 3 meters deeper than it's 
previous locaGon in 1994. Other than the locaGon and depth of the river channel, the two 
years were hydrologically very similar, i.e., river Gow and precipitaGon were similar.
There are several methods available for estimating ET Gom remotely sensed data 
(Moran and Jackson 1991). Some methods provide estimates of instantaneous ET and 
others provide estimates of daily ET. For this study a daily ET estimate was used
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because it provided a more comprehensive understanding of spatial heterogeneity and 
how a Good-induced channel diversion impacts Tuwzunx transpiration. Whereas, an 
instantaneous ET method is limited in its ability to account for temporal variations in 
daüy ET. For example, stomata of water-stressed TufMurix will close midday while non­
stressed Tamarix will maintain open stomata to continue photosynthesis and hence 
transpire more water. Most daily ET models take the form of:
ET = Rn +A —B(Ts — Ta).
For this study, A and B are coefScients derived Gom a linear regression of the Geld 
measured ET-Rn (dependent variable) versus Tg-Ta (independent variable). To generate 
an ET map, the coefGcients (A and B) are used with R , and T, values that were estimated 
for each pixel using the remotely sensed data. Accurate estimaGon of these variables 
Gom remotely sensed data is highly dependent upon the caUbraGon of the visible/near 
inGared and thermal inGared data channels and the accurate location of the Geld 
observation points within the remotely sensed image data.
The accuracy of the R„ and Tg calculations directly impact the ET estimate. Inoue 
and Moran (1997) found that ET was closely related to Tg-Ta for soybean canopies under 
varying water condiGons (drought, water-logged and periodically irrigated). Moran and 
Jackson (1991) state that a one-degree uncertainty in the estimaGon of Tg or T& might 
result in a ten percent change in the ET estimate. While errors in the measurement and 
estimaGon of Ta and Tg are commonly reported as the largest source of error in the remote 
estimation of ET, there is a cumulative effect of errors from other sources. The other 
sources of error for this analysis included errors in the estimaGon of albedo, atmospheric 
and surface emissiGvies, atmospheric vapor pressure, and accurate locaGon of ground
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measurement points within the imagery. AddiGonally, it must be recognized that ET 
estimates derived Gom remotely sensed data are a "spaGal average" (CaseUes et al.
1992). This spatial average is due to the scattering of reGected and emitted 
electromagneGc energy between the resolvable ground unit (i.e., pixel) and the sensor. 
Despite these and other sources of potenGal error, the remotely sensed data qipear to 
provide reasonable estimates of ET based on the limited ground data available. It is 
important to note that it was not possible to perG)rm an independent accuracy assessment 
and that s ^  Gow data have them own sources of error that complicate an error 
assessment. For this study, the remote sensing esGmates of ET were within 72 to 98% of 
the s ^  Gow estimates of ET. AddiGonal ground data should be acquired in the future to 
provide a more complete and independent assessment of the accuracy of this ET 
estimation model for arid riparian ecosystems.
Other studies of Tamarix Ganspiration have reported daily ET rates of 2 to 16 mm 
d"̂  in sparse and dense stands, respectively (Davenport et al 1982) and 8.2 mm d"̂  for a 
mature Goodplain stand in June (Gay and Fritschen 1979). Transpiration of Th/Marix 
stands on the VGgin River Goodplain was studied Gom 1993 through the end of the study 
reported herein. Sala et al. (1996) reported Thpiarix ET ranging Gom 5.9 to 16.3 mm d"̂  
for the period of July to October 1993 using sap Gow measurements. Devi# et al. (1998) 
monitored Virgin River Tamarix ET using the Bowen Ratio Energy Balance method 
(BREB; Bowen 1926) Gom 1994 to 1996. In 1994, they reported changes in ET Gom 11 
mm d'  ̂to < 1 mm d"̂  over a 60-day period, Gom June to August, as a result of a drought. 
Contrary to our 1996 sap Gow data, Devitt et al (1998) reported an increase in annual 
Tamarix transpiration, Gom 75 cm in 1994 to 145 cm in 1996. The Tamarix surrounding
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the Bowen tower were signiGcantly impacted by the change in the river channel Gom the 
1995 Good. AGer the Good, the Bowen Tamarix stand became hydrologicaUy isolated 
and the root systems may not have been able to respond to the probable sudden drop in 
the water table (> 3 m). DeviG et al. (1998) visually estimated a 25% decrease in canopy 
leaf area between 1994 and 1996 within the Bowen tower fetch area (this decrease in leaf 
area is detectable in the Figure 4.1 false color inGared images). It is unfortunate that 
equipment failures on the Bowen Tower during the remote sensing data acquisiGon time 
periods prevented a comparison of the remotely sensed ET estimates to BREB ET 
estimates. It is possible that BREB-estimated ET rates might have been higher in April 
1994 versus April 1996. Given that air temperatures were higher, soil temperatures were 
lower (DeviG et al. 1998) and water availability did not appear to be a limiting factor in 
April 1994, it is probable that BREB estimates of ET would have been higher in April 
1994 in comparison to April 1996. ETq rates calculated Gom the sap Gow weather 
staGon data clearly show a higher ETo rate for April 1994 in comparison to April 1996. 
As shown in Figure 4.3, ETo on 22 April 1994 was 7.2 mm d"̂  and on 13 April 1996 was 
5.3 mm d '\ Given the diGerences in time periods assessed for this study and the DeviG 
et al. (1998) study, it is entirely possible that diGerences in 1994 and 1996 annual ET 
esGmates may not be representaGve of ET rates for the spring growing season, and thus 
the results of both this study and the DeviG et al. (1998) study are likely to be valid.
The diGerences noted in ET rates associated with open versus closed stands in 
this study are comparable to those noted by Sala et al. (1996) in a 1993 sap Gow study 
within the same study area. During a drought in the summer of 1994, DeviG et al. 
(1997b) reported opposite results, with higher ET rates within the closed canopy stands
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versus open canopy areas. They attributed these differing results to differences in water 
availability among the diSerent micro-sites where the studies took place. By examining 
the spatial patterns of green leaf area and ET rates in Figures 4.1 and 4.4, it is evident that 
there are both spatial and temporal shifts in Tamarcc transpiration. An assessment of the 
closed canopy variability was performed by calculating the mean, standard deviation and 
coefGcient of variation. These statistics were calculated for the same areas above and 
below where the channel diversion occurred for both the 1994 and 1996 data; Table 4.4.
It may be concluded that there was a higher degree of variability in the 1996 closed 
canopy ET rates both above and below the channel diversion in comparison to the 1994 
ET rates. It is also apparent that variability downstream of the channel diversion 
increased dramatically in 1996. When both years are combined, there is stiU a slightly 
higher degree of variability below the channel diversion in comparison to the area above 
the diversion. Any attempt to predict water use by Thmanx would therefore have to 
carefully examine factors such as water availability, vapor pressure dehcit, green leaf 
area, advection, and the variability of these factors over space and time to develop a 
reliable ET estimate.
Table 4.4. Assessment of variability within closed stands above and below the channel 
diversion point (n = 35).
1994 1996 1994 and 1996
Above
Diversion
Below
Diversion
Above
Diversion
Below
Diversion
Above
Diversion
Below
Diversion
Mean 3.69 5.22 4.13 3.22 3.91 4.22
Standard
Deviation 1.78 2.06 2.38 2.71 2.10 2.59
Coefficient 
of Variation 48% 39% 58% 84% 54% 61%
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In summary, Virgin River ET estimates derived 6 om a simpESed daily ET model 
using aircraA multispectral scanner data were comparable to simultaneously acquired sap 
flow measurements. The synoptic nature of remotely sensed image data provided a 
spatial and temporal assessment of the variability of transpiration within an
apparently homogeneous floodplain. While the 1996 sap flow data show a difference 
between open and closed stands that are located near and distant to the river channel, the 
remotely sensed ET map clearly depicts the spatial variability of ET within closed stands. 
The 1995 flood-induced channel diversion signiûcantly impacted downstream and lateral 
Ta/Mo/tc stands by altering water availability and hence canopy leaf area and transpiration 
rates. During the spring of 1996, Tb/Mwix transpiration rates were 35% less than 
transpiration rates for the same area during the spring of 1994, even though overall 
streamflows were very similar. These results suggest that displacement and downcutting 
of the primary river channel has a marked effect on évapotranspiration of the Virgin 
River floodplain ecosystem.
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